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ABSTRACT
THERMAL BEHAVIOR OF COAL, LOCALLY SOURCED BIOMASS, AND THEIR 
BLENDS VIA PYROLYSIS AND OXIDATION
By
Ana Maria Celaya 
University of New Hampshire, May 2013
Co-combustion of biomass in existing coal-fired power plants may increase the 
use of renewable fuels. Designing equipment for these blends requires knowledge of 
pyrolysis and oxidation characteristics to optimize fuel ratios. Thermogravimetric 
analysis for pyrolysis and oxidation of three coals (Illinois No. 6 , Pennsylvania, and 
Venezuela), three biomasses (brewer’s spent grain, cocoa bean shells, com stover), and 
their blends indicated there to be minimal effect of particle size and high dependency on 
rate of heat transfer for thermal decomposition o f the fuels. Apparent activation energy of 
devolatilization of components and corresponding temperature ranges indicated non- 
synergistic, additive nature of the blends. Maximum rates of decomposition, and mass 
loss fractions for devolatilization of components were also determined. Gas 
chromatography-mass spectroscopy analysis of devolatilized compounds shows evidence 
of synergistic reactions, in which the incorporation of biomass in varying proportions 
suppresses or promotes formation of different compounds during pyrolysis.
CHAPTER 1
INTRODUCTION
According to a 2009 ELA (U.S. Energy Information Administration) report, the 
United States has about 486.1 billion short tons of recoverable coal reserves, almost three 
times as much as Russia, which has the world’s second-largest reserves. Although it is 
plentiful, much of the U.S. domestic coal reserves contains high amounts o f sulfur, 
requiring intensive emissions scrubbing to remove the sulfur oxide (SOx) produced 
during combustion. Our nation depends on coal to generate electricity; however, the vast 
amounts of CO2 released from coal combustion contribute significantly to global 
warming. To combat this, alternative methods for electricity generation are currently in 
use, while others are being researched. To help meet our ever-increasing energy demands 
while simultaneously lowering coal consumption, renewable resources can be used for 
electricity generation.
One renewable resource is biomass -  organic materials that produce energy in the 
form of heat when burned. Some examples of biomass include: wood, agricultural by­
products, and sewage. Biomass has the potential to either replace or lessen the use o f coal 
for energy production. The amount of heat that is produced from biomass combustion is 
lower than that produced from burning coal although the molecular heterogeneity of 
biomass leads to a lower apparent activation energy and a higher reactivity. To overcome 
the limitations of biomass combustion while reducing overall coal consumption, we can 
blend coal in varying proportions with biomass. Power plants across the country have 
shown that this is a viable stopgap measure, as we transition from a nearly-complete
dependence on fossil fuels to a future of renewable energy. There are several ways in 
which the utilization of coal-biomass blends could help meet our current energy demands 
and those in the immediate future. These include: reducing methane release that would 
otherwise be produced from anaerobic digestion of biomass wastes; lowering sulfur oxide 
(SOx) and mercury (Hg) emissions; and decreasing the long-range transportation costs o f 
fuel by mixing biomass with domestic coal, thereby reducing dependency on foreign fuel.
Researchers worldwide have explored the thermochemical conversion o f biomass 
to various forms of bioenergy. In order to design an effective thermochemical conversion 
unit, researchers must consider factors such as the chemical composition, thermal 
behavior, and the reactivity of the fuel. They have found that, when a biomass particle is 
heated, its macromolecular structure is altered through depolymerization, vaporization, 
and cross-linking of the solid matrix. This leads to aromatic ring rupture, evolution of 
gaseous products and tars, and the formation of a carbonaceous char. Across the 
literature, the most commonly employed models to describe these kinetics assume first 
order reactions in the form of an Arrhenius equation to determine an apparent activation 
energy (Ea). This is the amount o f energy that must be imposed on reactants to achieve 
products. A high activation energy entails a high energy barrier for thermal conversion; 
subsequently, more energy is required to initiate the reaction. (With a negative activation 
energy, reaction rates would decrease with increasing temperature. This is not the case 
with fuel). Since the C-H and C-O bonds comprising biomass are weaker than the 
predominantly C=C bonds found in coal, thermochemical conversion of biomass has a 
lower apparent activation energy than coal and a higher reactivity at lower temperature
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ranges due to the less condensed aromatic nature of biomass. The apparent activation 
energy is discussed further in the background section.
Combustion of solid fuels such as coal is routinely employed to generate heat to 
produce electricity. Over this thermochemical conversion process, a series of steps 
occurs: drying, pyrolysis, oxidation of devolatilized compounds, and finally oxidation of 
the resulting char. One of the primary steps, pyrolysis, is the thermal decomposition of 
the substance in an inert atmosphere. Pyrolysis is important as a rate-limiting step in the 
combustion process. When a solid fuel is pyrolyzed, three products result: char, tar, and 
non-condensable gases. Much ongoing research focuses on the kinetics and specific 
reactions of the pyrolysis o f biomass and coal. But, composition and structure vary from 
biomass to biomass; therefore, studies are specific to blending coal and a given biomass 
from one particular region. Many studies of coal-biomass blends being conducted in 
Europe and Asia examine coals of different origins with varying volatile and chemical 
compositions, which are blended with locally plentiful biomass material, such as palm oil 
in Malaysia and olive kernels in Greece. In New Hampshire, the available biomass 
includes forest and agricultural by-products such as com stover from farms, organic 
wastes such as the spent wheat and barley from Redhook Brewery in Portsmouth, and 
cocoa bean shells from the Lindt USA chocolate factory in Stratham.
There are several coal-fired power plant facilities in New England. Two of them 
in New Hampshire are owned by PSNH (Public Service of New Hampshire; A Northeast 
Utilities Company): Merrimack Station in Bow and Schiller Station in Portsmouth. 
Merrimack Station generates about 430 MW with two units. Schiller Station generates 
150 MW total across three units, where one unit went from generating 50 MW from coal
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to 50 MW from wood refuse, beginning in 2006. Two o f Schiller’s boilers are permitted 
through the NH Department of Environmental Services (DES) to blend coal with up to 
8 % (by mass) cocoa bean shells from Lindt.
The Clean Air Act Amendments of 1977 exempted existing power plants (i.e., 
those owned by PSNH) from strict emissions regulations. Therefore, to lower state SO2 
emissions, the New Hampshire Clean Power Act, HB 284, was passed in 2002 and 
incorporated into the state air pollution control laws under RSA 125-0, which places an 
annual cap on the emissions. One of NH’s air pollution control laws is RSA 125-0, 
which set an SO2 emissions cap of 7,289 tons annually from the power plant facilities in 
Bow and Portsmouth, as well as the natural gas fired peaking unit in Newington 
(generating >400 MW). In 2006, RSA 125-0 was revised and required PSNH to install a 
flue gas desulfurization (FGD) scrubber in Bow in order to reduce mercury emissions by 
80% and SO2 emissions by at least 90%. The bill also encourages PSNH to find 
innovative solutions for energy efficiency, such as the incorporation of biomass into the 
coal-fired boilers, as done currently with cocoa shells (Milbury 2011). Because Schiller 
station does not have the FGD system that Merrimack Station does, PSNH imports up to 
$79 million (of the $133 million total spent on coal in 2008) worth of low-sulfur coal 
from Colombia and Venezuela to meet the more stringent S0X emissions requirements 
(Brooks 2010). This continued reliance on foreign fuel imports is often fodder for 
politically-charged debate and regarded as an inefficient use of resources and only short­
term solution to increasing energy demands, all without due environmental 
considerations.
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To begin to assess the viability of coal-biomass blends in New Hampshire by 
using locally sourced biomass as a way to mitigate long-range transport o f fuel, we need 
an understanding of the thermal characteristics and oxidation kinetics of these blends 
before we can determine the optimal fuel blend ratios and operating conditions. In this 
study, we explore the thermochemical conversion kinetics and reactions products of 
various coal and biomass blends to extend the applicability of our study beyond regional 




In the United States, coal is the one of the least expensive and most abundant fossil 
fuel resources, contributing to its inevitable use as an energy source. Almost half of the 
electricity generated in the United States is from coal, emitting vast amounts of carbon 
dioxide into the atmosphere and requiring intensive emission scrubbing to remove sulfur 
and nitrogen oxides and heavy metals present in the coal (Demirba§ 2003). The 
extraction, processing, and use of coal have had severely negative impacts on the 
environment that, along with questions about future energy supply, have led to 
considerable research on alternative and renewable fuels, including biomass. Second- 
generation biomass feedstock comprised of agricultural wastes and organic byproducts 
may provide a bridge from conventional fossil fuel sources to a future of renewable 
energy. Because much of today’s electricity infrastructure is powered by coal 
combustion, it is likely that one process in the near future of biomass utilization will be 
coal blended with biomass feedstock.
While the low sulfur content of most biomass has the potential to lower overall SOx 
emissions as well as net CO2 emissions of a coal-fired power plant, the higher proportion 
of oxygen and hydrogen to carbon atoms in biomass does provide a lower heating value 
of biomass than coal, as breaking C-H and C-O bonds releases less energy than the 
predominately C=C bonds of coal. However, the higher oxygen content o f biomass does 
lead to a higher reactivity than coal and thus a lower apparent activation energy barrier to
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devolatilization and oxidation (Haykiri-Acma & Yaman, 2008). Ash deposition from the 
combustion of pure biomass streams results in fouling and slagging on heat exchanger 
surfaces in the boilers (de Jong et al. 2007). Co-combusting coal and biomass streams 
may reduce: the amount of coal required for electricity generation, net air pollutant 
emissions from the power plant (Demirba§ 2003; Diaz-Somoano et al. 2006), and process 
issues associated with pure biomass combustion. Pulverized coal-fired boilers across the 
world blend biomass in varying proportions with coal. To design an industrial 
combustion furnace and/or specify operating conditions for a blended feedstock requires 
a greater understanding of the thermal characteristics and oxidation kinetics driving coal- 
biomass blends (Munir et al. 2009; Shen et al. 2009).
Much of the research on coal-biomass blends has been conducted in Europe and Asia 
on coals of different origins with varying volatile and chemical compositions, which are 
then blended with biomass specific to a particular region, such as palm oil in Malaysia 
(Idris et al. 2010) and olive kernels in Greece (Vamvuka et al.2003a). In the Northeast 
region of the United States, available biomass includes industrial organic waste -  spent 
barley and hops, or brewer’s spent grains (BSG), from local breweries, and forest and 
agricultural byproducts -  com stover (CS) from area farms, and cocoa bean shells (CBS) 
from chocolate factories. Because the composition of biomass varies from source to 
source, a single reactivity profile for a given lignocellulosic biomass composition 
(cellulose, hemicellulose, and lignin) is not applicable across all biomass samples. For 
example, barley straw contains approximately 20.36% hemicellulose, 33.25% cellulose, 
17.13% lignin, 3.62% protein content, 1.91% fat content, and 2.18% ash on a dry basis 
(Adapa et al. 2009). In comparison, wood contains 39-41% cellulose, 24-35%
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hemicellulose, and 20-28% lignin on a dry basis (Prakash & Karunanithi, 2008). We 
concentrate here on locally available waste biomass sources to mitigate the long-range 
transport of fuels, thereby decreasing both cost and carbon footprint o f fuel transport.
2.1 Biomass
Lignocellulosic biomass is a carbonaceous fuel that yields energy in the form of 
heat when burned. It is composed of three parts: extractives, which include protein, oil, 
starch, sugar, etc.; the cell wall, which consists o f cellulose, hemicellulose and lignin; ash 
and minerals (Basu 2010). It is formed from living plants that grow through a process 
known as photosynthesis:
Living plant + CO2 + H2O + sunlight ct}loroiphyl1 > (CHmO„) + O2 -480 kJ/mol
where (CHmOn) is glucose, and chlorophyll is a molecule found in plants that enables the 
plant to uptake CO2 from the atmosphere. The so-called carbon neutrality o f biomass as a 
fuel arises from the fact that the CO2 absorbed during the plant’s lifetime is released into 
the atmosphere when burned, resulting in no net CO2 contributions (Basu 2010; Biagini 
et al. 2006).
There are a vast number of potential sources of biomass including agricultural 
products (com, straw, animal manure,), forest products (wood, mill scrap), municipal 
waste products (sewage sludge, food waste, yard clippings). Sami et al. (2001) explain 
that municipal biomass (waste that would otherwise be disposed of in landfills), as 
opposed to crops grown specifically for fuel, causes methane discharge from anaerobic 
digestion in the presence of bacteria and water when landfilled. Therefore, its use as an 
energy source mitigates methane production (a more potent greenhouse gas than CO2) 
and also reduces landfill volume and leaching.
Although the sources of biomass vary, there are common properties across 
lignocellulosic and hemicellulosic materials such as forestry and industrial residues. The 
thermal decomposition of hemicellulose occurs between 200-325 °C, cellulose from 200- 
400 °C and lignin over a range of 160-900 °C (Basu 2010; Pantoleontos et al. 2009; Yang 
et al. 2007). It is difficult to directly combust biomass in boilers designed for coal and/or 
oil because of the high volatile matter content, 70 to 80% (Sami et al. 2001). This 
volatility leads to high reactivity and fuel instability, which causes fouling and slagging 
on the boiler. Both affect heat transfer and corrosion of heat exchanger surfaces (Tortosa- 
Masia et al. 2005; Biagini et al. 2006; Heinzel et al. 1998; Bryers, 1996). In addition, the 
low thermal efficiency and lower heating value of biomass when compared with coal 
make combusting pure biomass an unattractive prospect. However, the use of biomass as 
a fuel for co-combusting in coal-fired power plants reduces fossil fuel consumption as 
well as emissions of pollutants, including carbon dioxide, sulfur and nitrogen oxides, and 
heavy metals (Biagini et al. 2002; de Jong et al. 2007). In the face o f rising concern over 
climate change caused by greenhouse gases, the CO2 neutrality of biomass and the ready 
availability of its supply make biomass an attractive form of renewable energy for the 
near future.
2.1.1 Brewer’s Spent Grain (BSG)
BSG has a different composition from its grain’s original properties because the 
malted barley is boiled in water. It is 85% w/w of the total by-product generated 
(Fernandez et al. 2008) in the brewing process and is produced year-round by breweries 
across the country, making BSG a readily available source o f biomass. In New 
Hampshire there are 16 breweries, three of which are located in Portsmouth near Schiller
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Station. The wastewater that is discarded by these breweries contains high levels of easily 
degradable organic materials such as methane, which are available for bioprocessing to 
produce bioenergy (Angenent et al. 2004; Ju 2011). This process o f methanogenic 
anaerobic digestion of organic material in wastewater occurs through four major steps 
(Angenent et al. 2004; Mclnemey et al. 2009):
1) Fermenting microbes hydrolyze organic polymers (cellulose, xylans, proteins, 
polysaccharides, lipids) to monomers (amino acids, sugars, fatty acids), which 
ferment the monomers to low molecular weight intermediates consisting of 
organic acids (propionate, butyrate) and alcohols.
2) The fermentation products are oxidized to produce acetic acid and hydrogen 
through a process called acetogenesis. Acetate is produced from hydrogen and 
carbon dioxide through further process of acetogenesis.
3) The acetogenic bacteria that produce hydrogen grow in syntrophic associations 
with hydrogenotrophic methanogens which keep the hydrogen partial pressure 
low enough, allowing acetogenesis to become thermodynamically favorable.
4) The acetoclastic methanogens convert acetate to methane and carbon dioxide 
(methanogenesis).
In general, the production of methane (C H 4 ) from glucose (C6Hi2 0 6) occurs through the 
following reaction (Angenent et al. 2004):
C 6 H 1 2 O6  T ™  3CH4 +  3C 02
Methane production is a proven energy generator, as evidenced by Anheuser-Busch 
Brewery in Merrimack, which treats wastewater (from nine domestic beer breweries) in
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bioreactors to recover 20 % of its heat energy use, resulting in high economic savings (Ju, 
2011). In the case of Redhook Ale Brewery in Portsmouth, the wastewater stream is not 
utilized profitably because the methane produced is simply flared; however, it could be 
utilized as a heat source to dry the remaining solid BSG on the site and to have available 
as a co-combustion fuel source along with coal at coal-fired power plant stations.
2.1.2 Cocoa Bean Shells (CBS)
Lindt USA in Stratham currently provides cocoa bean shells to Public Service of 
New Hampshire’s (PSNH) Schiller Station in Portsmouth for electricity generation. In 
2009, PSNH was the first public electric company in the U.S. to use cocoa bean shells as 
a fuel source (Leech, 2009). Cocoa bean shell refuse is a good source of biomass fuel 
because it is an organic material (Marcel et al. 2011). Although cocoa bean shell refuse 
has some nutritional value -  12-17% protein, minerals, and fibers -  and many researchers 
have studied it as a livestock food resource (Ashade & Osineye, 2013; Ayinde et al. 
2010; Oddoye et al. 2010), the shells contain theobromine, a harmful substance for 
animals, which therefore limits its use as feed (Alexander et al. 2008; Marcel et al. 
2011).
At present, there is limited research on cocoa bean shells because the refuse 
currently has no specific technical uses (Ahmad et al. 2011). The few studies to be found 
are based on activated carbon production from cocoa shells to remove environmental 
contaminants such as phenolic derivatives (Ahmad et al. 2011) and the use o f pod husk 
activated carbon to remove dyes from aqueous effluents (Bello et al. 2011). The heating 
value of cocoa shells is 23.4 MJ/kg of dry matter (Marcel et al. 2011), which, compared
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to the fuels in Table 1, has a higher heating value than the biomass listed (bituminous 
coal is ~26.4 MJ/kg), supporting its usefulness as a fuel source.
2.1.3 Feed Corn Stover (FC)
Because com combustion releases fewer greenhouse gases than either natural gas 
or coal, com has been widely used to produce ethanol, a clean fuel for heat and power 
applications (Christiansen, 2009). After com is harvested, the leftover stover is removed 
from the fields (Bevill, 2011). This biomass can then be used as a renewable resource 
(Bevill, 2011; Christiansen, 2009) because it is composed of organic material -  42% 
cellulose, 35% hemicellulose, and 20% lignin (Lanzetta & Di Blasi, 1998).
There have been many studies on com stover as a biomass fuel. Lanzetta & Di 
Blasi (1998), who researched the pyrolysis kinetics of com straw, determined there were 
two consecutive reactions during its degradation: the release of volatiles and further 
degradation of the solid to yield more volatiles and a solid char (Lanzetta & Di Blasi, 
1998). Li et al. (2008) conducted similar studies and assumed three independent parallel 
reactions, corresponding to the three pseudocomponents -  hemicellulose, cellulose, and 
lignin. They found that first order kinetics could describe their pyrolysis.
2.2 Coal
Coal is a rock substance used for combustion to create heat. It was formed from 
deposition of minerals and plant matters that converted into macerals by geological 
alteration processes (Neavel, 1981). Coal is composed of a heterogeneous mixture of 
different elements, mainly carbon, hydrogen, oxygen, and sulfur. There are different 
ranks that classify coal, each depending upon the conditions (i.e., heat and pressure)
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under which the coal was formed. The four ranks of coal, in order o f increasing heating 
value, are: lignite, bituminous, subbituminous, and anthracite. Lignite coal is composed 
of 69 wt% carbon, 53 wt% volatile matter, and up to 40 wt% moisture; anthracite has 94 
wt% carbon, 6 wt% volatile matter, and up to <5 wt% moisture (Neavel, 1981). The 
amount of these substances present in coal provides some information as to what types of 
functional groups are present. Chen et al. (2010) states that lower rank coal is not as 
compact as older coal, and so the loosely bound carboxyl and ether groups are more 
prone to producing gases such as CO and CO2.
In general, the macromolecular structure of coal consists of a cluster of aromatic 
rings that are connected with bridges o f varying reactivity (de Jong et al. 2007). 
Vuthaluru (2003) states that the C=C bonds have a bond energy of 1000 kJ/mol, more 
resistant to heat than other fuel sources (i.e., biomass, with ether bond energies of 380- 
420 kJ/mol) (Vuthaluru, 2003). It is very difficult to characterize the reaction 
mechanisms of coal decomposition because of its complex structure. But by quantifying 
coal’s global reaction kinetics, we are able to determine whether coal is a high value 
product, how it will react in combustion or gasifier systems, and make comparisons with 
co-combustion performance. Researchers study the pyrolysis of coal because it is a 
primary step in the combustion process. It is important to understand the kinetics o f 
pyrolysis products as they affect the flame length and gasification characteristics in 
entrained-flow gasifiers (Chen et al. 2010). Arenillas et al. (1999) studied the pyrolysis of 
coal to determine what individual compounds evolved. De la Puente et al. (1998) 
developed a model for coal pyrolysis to predict its behavior and alterations when 
undergoing heat processes as a consequence o f pre-oxidation, aerial oxidation during
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operations of extraction, preparation, transport, and storage. Understanding the kinetics 
for the pyrolysis and combustion of coal is useful for a variety of reasons such as those 
previously listed.
2.3 Thermal Decomposition: Combustion and Pyrolysis
Combustion occurs when a substantial amount o f heat is applied to a substance in 
an atmosphere containing oxygen so that mass transfer, fluid flow, and chemical 
reactions occur, and energy is released. The rate at which a fuel combusts depends on the 
rate of heat transfer, which itself is dependent on the substance’s particle size. A larger 
particle will have a thick thermal regime and will therefore heat slowly. Conversely, a 
small particle size has a thermally thin regime (Jenkins et al. 1998). Figure 1 represents 
the combustion process of carbonaceous fuel. When heat is applied to carbonaceous fuel, 
drying first occurs up to approximately 100°C. The temperatures at which each 
subsequent step occurs depend on the fuel and the combustion conditions. The pyrolysis 
step occurs between 100 and 200 °C where volatiles/gases are released. Pyrolysis is the 
thermal decomposition of a substance in the absence of oxygen, or a limited supply of 
oxygen. As a solid organic substance is pyrolyzed, its large hydrocarbon molecules break 
down into solid, liquid, and non-condensable gas molecules. The volatiles released during 
pyrolysis combust between 200 and 500 °C. The remaining char is then oxidized at 
temperatures greater than 500 °C.
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Oxidation of Carbon T > 500 °C
Combustion o f  Evolved Gases 200 °C > T > 500°C
Pyrolysis 100 °C > T > 200°C
Drying 15 °C > T > 100°C
Figure 1. Oxidation process of carbonaceous fuels.
2.3.1 Thermal Decomposition of Biomass
The pyrolysis and combustion of solid fuels (such as biomass) results in multiple 
heterogeneous chemical reactions. The reaction dynamics of these processes are 
influenced by breaking and redistribution of chemical bonds, changing reaction 
geometry, and interfacial diffusion of reactants and products (Galwey & Brown, 1998).
Biomass Pyrolysis
In the case of biomass pyrolysis, the solid char produced is composed of about 
85% carbon and minimal amounts of oxygen, hydrogen, and inorganic ash. The liquid 
product is known as tar/bio-oil and is composed of water, phenolic compounds, 
hydroxyaldehydes, hydroxyketones, carboxylic acids, and sugars and dehydrosugars. The 
gaseous products consist of light molecules such as carbon dioxide, carbon monoxide, 
methane, ethane, and ethylene, as well as the secondary gases produced from secondary 
cracking of liquids and non-condensable vapor during long pyrolysis residence time 
(Basu, 2010).
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The properties and yields of the products are dependent on the heating rate, the 
maximum pyrolysis temperature, and residence time. More bio-oil is produced from a 
short pyrolysis residence time achieved by high heating rates (>1000 °C/min) to a low 
temperature (<650 °C), whereas more char is produced from a long pyrolysis residence 
time achieved by slow heating rates (<10 °C/min) to low temperature (400-600 °C). 
Higher amounts of gas are produced from a long pyrolysis residence time to a high 
temperature (1000 °C), in which the liquid products undergo secondary conversion 
(Basu, 2010; Yaman, 2004). Advantages of pyrolyzing biomass include its high heating 
value from combustion, as compared with other fuel types such as coal, and petcoke, and 
biomass pyrolysis products, as listed in Table 1.
Table 1. Heating values of different fuels (Adapted from Basu, 2010).
Fuel Petcoke Bituminous Coal Sawdust Bio-oil Pyrolysis Gas
Units MJ/kg MJ/kg MJ/ kg dry MJ/kg MJ/Nm3
Heating value -29.8_______-26.4________ -20.5 13-18 11-20
It is well understood that a series of reactions occurs during biomass pyrolysis. 
Most multi-component devolatilization mechanisms comprise parallel reactions for the 
decomposition of the volatilized fractions of pseudo-components (lignin, cellulose, 
hemicellulose), though some consecutive reactions are applied (Di Blasi, 2008; Branca & 
Di Blasi, 2003). Generally, biomass consists of weak ether bonds with energies o f 380- 
420 kJ/mol, which is much lower in comparison to the C=C bonds o f the aromatic rings 
found in coal, with energies of 1000 kJ/mol (Vuthaluru, 2003). Therefore, in this study, 
we expect to see lower apparent activation energy barriers for the pyrolysis and 
combustion of biomass than for coal at each temperature range because of biomass’ 
lower heating value and higher thermal reactivity (Gil et al. 2010). Many different
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reaction schemes for pyrolysis of biomass have been proposed. There are two main 
categories for the types of reaction mechanisms: competitive reactions and secondary 
reactions. Competitive reactions are also known as primary reactions, independent 
parallel reactions, one-stage multi-reaction model, or one-step global model for a single 
step first order reaction. Secondary reactions are also called the two stage semi-global 
model (Di Blasi, 2008; Miller & Bellan, 1996; Sinha et al. 2000). Essentially, 
competitive reactions are modeled with one or more reactions occurring across one step. 
By contrast, secondary reactions are modeled with reactions occurring in more than one 
step. The one-step global model is the simplest scheme; the biomass solid is assumed to 
decompose by a one-step reaction.
The Broido-Nelson model was proposed in 1975 as a one stage, multi-reaction 
model in which simultaneous and competing first order reactions occur for the pyrolysis 
of cellulose, as seen in Figure 2:
k volatiles + tars
Cellulose
2  char + light volatiles
Figure 2. The Broido-Nelson single-step model describing the pyrolysis of cellulose.
where ki and k2 refer to reaction rate constants. The two stage semi-global model was 
later proposed by Bradbury (1979) for cellulose pyrolysis and later suggested by Antal 
for lignin pyrolysis and Koufopanos for wood pyrolysis (Sinha et al. 2000). The 
Bradbury model illustrates the cellulose entering an activated state before reacting 
(before mass loss occurs) at low temperatures. This initial period step has a high apparent 
activation energy barrier. The “active cellulose” then decomposes by two competing first-
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order reactions to form volatiles and char and gases (Bradbury et al. 1979). This is 
similar to a reaction scheme with an intermediate step proposed by Koufopanos (1991). 




Figure 3. Bradbury multi-step model for decomposition of cellulose.
The Di Blasi model, proposed in 1995, accounts for both primary and secondary 
reactions. It specifies that the secondary reaction is between the gas phase and pores of 
the char, and the rate of reaction is proportional to the concentration of tar vapors. At low 








Figure 4. Di Blasi model for primary and secondary reactions for pyrolysis of biomass.
The Miller-Bellan model (1996) is based on the theory that, in the second step, the 
biomass sample does not increase in temperature, but rather absorbs energy to reach an 





Figure 5. Miller-Bellan model for biomass entering an active state, then decomposing by primary and 
secondary reactions.
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It is proposed that interactions among the biomass constituents (cellulose, 
hemicellulose, and lignin) have no influence on the overall biomass pyrolysis kinetics 
(Biagini et al. 2002). For example, Pantoleontos et al. (2009) use an independent parallel 
reaction model for the pyrolysis of forest residue, meat and bone meal, and refuse- 
derived fuel, in which they assume that the materials devolatilize through multiple, 
parallel, first order independent reactions. Grammelis et al. (2009) use an independent 
parallel first order reaction model for the kinetic analysis and assume individual 
decomposition of main biomass components of municipal solid waste (MSW) material, 
including wood-based products (i.e., paper).
The models may be used to produce an overall reaction scheme (Figure 6 ) applicable 
to the pyrolysis of the biomass we use in this study since composition of brewer’s spent 
grains, cocoa bean shells, and com stover are all lignocellulosic material. During the 
primary decomposition stage, there is devolatilization of the components present in 
biomass (hemicellulose, cellulose, and lignin), each degrading at specific temperature 
ranges (which overlap), producing the gases, tar, and char. The models represented in this 
section are overall decomposition schemes of these many various overlapping reactions 
occurring for decomposition of biomass. The rate at which the reactions occur may be 
both mass and heat transfer limited if the pyrolysis reactions are dependent on the rate o f 




■yt Gases -vr 2a_>  Non-condensable gases
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Biomass < k " >  Tar Remaining  k, >  Secondary gases (CO,
^  ^  tar c o 2, n o , n o 2)
Char
Primary decomposition Secondary decomposition Secondary gas formation
Overall reaction constant: Overall reaction constant: Overall reaction constant:
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Figure 6 . Overall reaction processes for pyrolysis of a typical lignocellulosic biomass.
2.3.2 Effect of Biomass Particle Size and Heating Rate for its Pyrolysis
Two factors which significantly influence diffusion effects are the internal and 
external temperature gradients o f a solid particle (Miller & Bellan, 1996). Intra particle 
heat diffusion strongly depends on particle size and heating rate, yielding differences 
between thermal thickness regimes of the particle (Williams et al. 2012). Thermally thin 
particles have a mostly uniform temperature throughout because the internal resistance to 
heat flow is less than the external resistance to heat flow. It is thus kinetically controlled. 
A thermally thick particle does not have uniform temperature throughout because the 
internal and external resistances to heat flow (by conduction) are approximately the same 
(Bryden et al. 2002; Hagge & Bryden, 2002). The Biot number may be used to determine 
the ratio of external heat transfer (by convection and radiation) to the internal heat 
transfer (by conduction):
hL
B i ~ n  ( 1 )
where h is the effective heat transfer coefficient, L is the particle characteristic length,
and A is the conductivity. The heat transfer coefficient may be calculated as follows:
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h = <po(Js + T00)(Ts2 + T J )  (2)
where <p is the emissivity (ratio of radiation emitted from the particle to that form a 
blackbody at the same temperature), a  is the Stefan-Boltzman constant (5.67x1 O' 8 W m' 
2-K4, Ts and Tm are the surface temperature (temperature at surface of particle) and the 
background temperature (temperature of the radiant flux), respectively (Bryden et al. 
2002). Bryden et al. (2002) determined that, for wood, a thermally thin regime is present 
for Bi < 0.2 for a spherical particle size of 90 pm to 2000 K and 1.5 mm to 800 K under 
radiative heat flux. The critical particle size decreases with the pyrolysis temperature 
increase for maintaining a thermally thin regime. In general, thermally thin particles have 
Bi much smaller than 1 (<0.1), and thermally thick particles have Bi greater than 1. 
Having thermally thin regimes, heat transfer effects/limitations within the biomass 
particle may be assumed to be negligible.
At high heating rates, however, this may not be the case. Mani et al. (2010) found 
that an increase in heating rate increased the amount of char production for wheat straw 
pyrolysis. The same has been observed in other studies (Idris et al. 2010; Skodras et al.
2006). Idris et al. (2010) state that, at low heating rates, the cracking of solid fuel 
particles occurs gradually and more effectively than at higher heating rates, leading to 
more weight loss in the form of devolatilizations (They used a low and high heating rate 
of 10 and 60 °C/min, respectively). At high heating rates, cracking of the solid fuel 
particles into products occurs at a higher temperature because the heat transfer is less 
effective and efficient due to increase in temperature gradient within the particle (Idris et 
al. 2010; White et al. 2011). As a result, mass transport limitations also become 
influential as heating rate increases (Suuberg et al. 1996; White et al. 2011). Sinha et al.
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(2000) state that large particle sizes also result in thermal gradients. Miller & Bellan 
(1996) report that critical particles of sizes 100-1000 pm validate negligibility for 
diffusion effects during pyrolysis so that it is kinetically controlled. Additionally, the 
critical size decreases with increasing pyrolysis temperatures. Although pyrolysis is a 
primary step in the combustion process, it should follow that particle size and heating rate 
also affect the combustion process through possible heat/mass transport limitations. 
However, Shen et al. (2009) found that, for combustion of wood, heating rate has 
minimal or no effect on kinetic parameters; in fact, it varies more at lower heating rates. 
Therefore, heat transfer limitations are minimized at higher heating rates (Shen et al.
2009).
Mass transfer limitations may also arise from the pyrolysis of large sample sizes. 
Mani et al. (2010) pyrolyzed 5, 15, and 20 mg samples of wheat straw of 325 pm at 10 
°C/min, resulting in an increase in char yield. As sample size (and particle size) increases, 
the escape of volatiles becomes more difficult, limiting their diffusion. This would slow 
the rate of devolatilization, and hence, oxidation. The thermal degradation of the particle 
is then mass transfer limited, instead of being kinetically controlled. Buessing (2012) 
observed this when pyrolyzing supercritical fluid extraction pulp sample sizes 2-4 mg and 
5-15mg and found that the larger sample size resulted in a 15 kJ/mol difference in 
apparent activation energy.
2.3.3 Theoretical Kinetics for Thermal Decomposition of Biomass
The pyrolysis of a particle is mainly controlled by chemical kinetics if  there is a 
reasonable assumption that the particle structure is thermally thin and homogeneous so 
that heat and mass transport rates may be considered isotropic, thus eliminating their
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limitations. It has been commonly assumed that the decomposition of a biomass particle 
occurs by a set of reactions, namely by independent parallel first order reactions. This is 
specifically used for determining the apparent activation energy (Ea) and pre-exponential 
factor (A) (Biagini et al. 2002; Grammelis et al. 2009; Gronli etal. 2002; Pantoleontos et 
al. 2009; Skodras et al. 2006). Other studies have used the assumption of nth order 
parallel reactions to predict the parameters more accurately (Manya et al. 2003; Sinha et 
al. 2000). Below, we discuss the applications of biomass reaction mechanisms to kinetic 
parameter determinations. Equation (3) is the weight of a sample m  regarded as the sum 
of the amount that has reacted due to N reactions:
where mj0 is the initial mass of component j  (t=0) and Xj is the fraction that has reacted at 
time t. Here, the summation in equation (3) refers to the summation of different 
components, but because there is one primary component present, it is lumped into the 
mass of one “global” component. The fraction of the component remaining may be 
calculated from the weight of the sample at different times:
where my is the mass of component j  at time t, mj0 is the mass of component j  at t= 0 , and 
rrijf is the mass of component j  at the final t. We can take the derivative o f equation (3) 




d m  dXj
d t
Z a" V ° ^  (5)
The rate of the kinetic process of the sample decomposition may be described by
modeling each component. The decomposition of component j  is related to the reaction
rate constant as a function of temperature, k/T), and a function dependent on the 
conversion of the component,/fo) as described by equation (6 ):
^  = ft, (D /M  (6)
The temperature of the sample, T, is described by equation (7):
T = T0 +(3t (7)
where T0 is the initial temperature of the sample and p  is the heating rate applied, 
described by equation (8 ):
dT
( 8 )
The reaction rate constant is defined by the Arrhenius equation (equation (9)):
k j  =  A j e ~ Eai/RT (9)
where Eaj is the activation energy of component j  in J/mol, Aj is the pre-exponential factor 
in s 1, T  is the absolute temperature, and R is the universal gas constant in J/mol-K. 
Equations (8 ) and (9) are applied to equation (6 ) to obtain equation (10) through the chain 
rule and substitution:
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dx; d t  x dt
- ^ ■ -  =  v  RTf { x ) - —  (10)dt dT J '  '  dT v J
which may be reduced to equation (11):
dx: kj(T ) A,
#  ^  / w = i '  ' T ™  ( 1 1 )
Some researchers define f i x )  as the fraction of sample remaining/unreacted, as shown in 
equation (12) (Grammelis et al. 2009; Holstein, Bassilakis, Wojtowicz, & Serio, 2005; 
Sharma & Ghoshal, 2010):
dXi Ai ~Ea) ,  Nn k i ,  . n
=  0 - * / )  (12>
Although nth-order kinetics resembles an accurate model for biomass pyrolysis, many 
studies have assumed an overall reaction order o f 1 since the accuracy is “high enough”. 
Idris et al. (2010) explain that a reaction order o f 1 may not always be the case, but the 
simplicity allows for the direct comparison between fuels (Gil et al. 2010; Hu et al. 2007; 
Idris et al. 2010; Skodras et al. 2006). From equation (12), kj may be solved by assuming 
first order reactions:
dxi 8ki = —i--——— -  (13)
1 dT  ( l  — Xj)
and a plot of Inky versus 1/T  yields a straight line for j  from which the apparent 
activation energy and pre-exponential factor may be determined from the slope and y- 
intercept, respectively. Equation (14) is obtained after manipulating equation (9) to yield 
the Arrhenius equation form in terms of In kj, which is assuming a first order reaction:
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Other manipulations of equation (6 ) have been performed. Holstein et al. (2005) 
take the temperature derivative of equation (4) making the same assumption for f ( x ) 
(fraction of unreacted initial material, first order):
dT dT
d (d x j/d t)
dT =  - ( 1  -  Xj )




The left hand side of equation (16) is equated to zero and substitutions are made on the 
right hand side:
d (d x j/d t)
dT = 0  = — k ( l  -  Xj)
—Ba<
Ea.j A je RTmax
max
(17)
Equation (17) is satisfied when the terms in the bracket on the right hand side are set to 
zero -  when the maximum rate of decomposition occurs at a specific temperature, Tmax. 
At this point, Ea may be determined at the maximum rate o f decomposition from a linear 
plot after rearranging equation (17):
(18)
This is known as the Kissinger-Akahira-Sunose, or the Maximum Rate (Tmax) method, 
and is also used widely in literature (de Jong et al. 2007; Holstein et al. 2005; Idris et al.
2010). The maximum rate of decomposition is found from the maximum points on the
derivative thermogravimetric (DTG) curve, which is obtained from a plot of d x j/d t  
versus T. The DTG plot is widely used to determine the peak devolatilization rates of 
components in the fuel being pyrolyzed or oxidized.
Many other models used do not use f i x )  as the fraction of remaining/unreacted 
material (Pantoleontos et al. 2009; Sharma & Ghoshal, 2010; Skodras et al. 2006). 
Equation (11) may be integrated to yield a function dependent on a temperature integral 
with no known analytical solution, known as the isoconversional integral method 
(Aboulkas et al. 2009; Vyazovkin, 1996):
The isoconversional principle states that the reaction rate is a function of constant 
conversion and temperature. Solutions by researchers that have employed this method 
include inserting functions for g(x) and configuring an equation resembling the Arrhenius 
equation to solve for the kinetic parameters by plotting g(a) against \/T. The apparent 
activation energy and pre-exponential factor are similarly calculated from the slope and 
y-intercept of the straight line. Three known approximations for the solution of equation
(19) are listed, where the g(x) functions are listed in Table 2:
(19)
•  Flynn-Wall-Ozawa method:
(20)
• Coats-Redfem temperature integral approximation:
,/?Ea ( 1 -  2RT/Ea)\ RT
(21)
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For this method, the left hand side is plotted against 1 IT  to obtain a 
straight line from which Ea may be calculated from the slope; the pre- 
exponential factor may then be determined from the y-intercept after the 
apparent activation energy is known. The y-intercept is the value at which 
the temperature is at:
(m 0 + mj') 
m =  ----------— —  ( 22)
The g(a) function yielding the highest correlation coefficient o f linear 
regression analysis is used, chosen from Table 2 (Gil et al. 2010). 
According to Gil et al. (2010), for TGA kinetic studies, a model for a 
reaction order of 1 (Ol model) is most frequently used.
• Doyle’s approximation:
V
( AE \  E— ) -  5.331 -  1 . 0 5 2 -  (23)
For this approximation, ln(J3) is plotted against l/T  for a straight line to solve for E  
from the slope.
There have been extensive studies using different methods to determine kinetic 
parameters (Biagini et al. 2002; Sadhukhan et al. 2008; Scott etal. 2006; Vamvuka et al. 
2003a; Vamvuka et al. 2003b). This thesis cannot address the expansive literature and, in 
some cases, we lack access to the specific programs required to use the research. Many of 
the methods discussed above are applicable to both the thermal decomposition by 
pyrolysis and the oxidation of biomass and coal. Moreover, they are often applied to 
decomposition of blends (Gil et al. 2010; Grammelis et al. 2009; Idris et al. 2010;
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Saddawi et al. 2010). The combustion process o f biomass consists of a series of steps 
which includes pyrolysis and oxidation (Figure 1), from which kinetic parameters may be 
obtained using methods outlined by Gil et al. (2010).
Table 2. Reaction models used in Doyle’s approximation and the Coats-Redfem equation (Adapted from 
Vyazovkin (1996) and Gil et al. (2010)).
N Reaction model m g(a)
1 Power law 4a” 1/4a
2 Power law 3a23 1/3a
3 Power law 2a '/2 1/2a
4 Power law 2/3 a"1/2 3/2a
5 One-dimensional diffusion, DI* l/2 a  1/2 2a
6 Two-dimensional diffusion, D2* (l-a)ln(l-a)+a
7 Three-dimensional diffusion, D3* 3/2(l-a)2 3(l-(l-a)1/3) 1 r i  .1 /3 ,2[l-(l-a) ]
8 Three-dimensional diffusion, D4* l-2a/3-(l-a)2/3
9 Mampel / Reaction order 1 1-a -ln(l-a)
10 Reaction order 2,02 (1-a)1
11 Reaction order 3,03 (1-a)'2
12 Avrami-Enofeev 4(l-a)[-ln(l-a)]3 4 (-ln(l-a)]1 4
13 Avrami-Erofeev 3(l-a)[-ln(l-a)]2 3 [-ln(l-a)]1/3
14 Avrami-Erofeev 2(l-a)t*ln(l-a)]1 2 [-bi(l-a)]12
15 Contracting sphere** 3(1-a)2 3 l-(l-a)1/3
16 Contracting cylinder** 2(1-ct)1 2 M l-a)1/2
Doyle's approximation model N: 1-5, 7,9,12-16 
Coats-Redfem model N: 5,6,11-17
♦For a diffusion controlled reaction, the DI model is governed by a parabolic law with a constant diffusion coefficient; 
D2 models a cylinder; D3 is Jander’s three-dimensional diffusion; D4 is Ginstling-Brounshtein’s equation models 
diffusion controlled R3 model.
♦♦Contracting sphere reactions are controlled by movement of an interface at constant velocity with the reaction 
occurring instantaneously where the surfaces of the particles are covered with the product: R2 models a circular disk 
and R3 models a sphere where the reaction progresses inwards.
Biomass Combustion
Jenkins et al. (1998) state that, for combustion of biomass, water loss occurs up to 
about 150 °C, followed by devolatilization between 200 and 400 °C, then char oxidation. 
The combustion of volatiles released from pyrolysis of the fuel occurs instantaneously,
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while combustion of the remaining char is slower. These reaction rates determine the rate 
of the overall combustion (Jenkins et al. 1998).
For combustion, Wang et al. (2009) found that aspen strawdust and wheat straw 
combustion occurred in four stages: dewatering period, devolatilization and burning of 
volatiles, char burning, and burnout, similar to that for combustion of RDF in the study 
by Grammelis et al. (2009). Because the presence of oxygen increases reactivity of the 
RDF, the combustion profile is shifted to lower temperatures. The researchers attribute 
the first peak to the devolatilization of the sample (200-370 °C) and the second peak to 
the oxidation of the char produced (up until 500 °C) (Grammelis et al. 2009). Gil et al. 
(2 0 1 0 ) also found that biomass combustion takes place in the same two steps, 
devolatilization occurring between 200 and 360 °C and char oxidation at 360-490 °C.
2.3.4 Thermal Decomposition of Coal
Coal will decompose in mechanisms similar to biomass, but, given coal’s 
aromatically condensed nature, decompositions will occur over higher temperature 
ranges. Thermal degradation of coal, therefore, requires more energy input for a larger 
heat output than biomass requires.
Coal Pyrolysis
As coal pyrolyzes, its structure is re-formed, and the new chemical bridges 
formed produce tar, char, and non-condensable volatiles (de Jong et al. 2007). The 
heterogeneous composition of coal causes its various stages of decomposition to occur at 
overlapping temperature ranges (Arenillas et al. 1999). Chen et al. (2010) looked at the 
pyrolysis of low rank and subbituminous coal to a high temperature o f 1100 °C at a rapid
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heating rate of 1000 °C/s. According to their gas chromatograph analysis, there are two 
main pyrolysis steps, defined by certain evolutions. Primary pyrolysis, in this case, 
consisted of tar, aliphatic gases, and aliphatic hydrogen productions; CH4 evolved around 
550 °C due to concentrated methyl groups in the char formed during primary pyrolysis. 
Secondary pyrolysis consisted of hydrocarbons that evolved between 500 °C and 700 °C. 
CO production evolved during the elimination of ether linkages production, mainly in the 
range of 500-1000 °C. H2 evolution occurred above 700 °C during the elimination of 
aromatic hydrogen. Chen et al. (2010) also found that low rank coal produced higher gas 
amounts, specifically CO and C 0 2 than subbituminous coal, and that an increase in 
temperature increases gas yield. Evolution of similar gaseous products from pyrolysis of 
the low rank and subbituminous coals indicated that there are universal chemical 
reactions occurring.
De la Puente et al. (1998) report similar results o f evolved gases. However, when 
pyrolyzing Amonate, a medium volatile bituminous coal, de la Puente et al. (1998) found 
that there are three main decomposition stages for fresh coal and two stages for the 
pyrolysis of oxidized coal. In Figure 7, they illustrate a macroscopic pyrolysis model 












Semidevolatilized coal ^  Metaplast ^  Coke
Primary gases ^  Secondary gases
Figure 7. Pyrolysis stages of fresh bituminous coal (Adapted from de la Puente et al. 1998).
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In the figure above, fresh bituminous coal is first relieved o f light gases that are weakly 
bonded within the coal structure. As the temperature increases, tighter-knit bonds are 
broken, producing more primary gases (hydrocarbons) and high molecular weight species 
(tar) leading to melting (metaplast). As decomposition progresses, metaplast reactions 
yield more gases, mainly CO and H2, and ring condensation leads to coke formation (de 
la Puente et al. 1998). Idris et al. (2010) found one major peak between 380 and 580 °C 
for pyrolysis of Mukah Balingian coal and attributed it to the release of the volatile 
matter contained in the carbon.
Coal Combustion
Char gasification and carbon oxidation occur after devolatilization of coal (Sami 
et al. 2001; Smith et al. 1994; Sommariva et al. 2010). Sami et al. (2001) explain that the 
volatile matter is released and combusted (controlled by the kinetics of pyrolysis), 
leaving the char behind. Smith et al. (1994) explain that char combustion is controlled by 
chemical kinetics at low temperatures, while pore diffusion and external diffusion play a 
major role at moderate and high temperatures. In Figure 8 , Zone I is limiting at low 
temperatures from slow surface reactions where reactive gases (i.e., oxygen) accumulate 
in the porous char particle. Zone II is limiting at higher particle temperatures where the 
reactive gases are consumed faster than they are accumulating. Zone III combustion is 
limiting at high temperatures where particle surface reactions occur, decreasing the 
particle diameter. Many coal combustion studies indicate char combustion occurring at 






Pore diffusion Reaction control
1/T (1/particle tem perature)
Figure 8 . Rate controlling regimes for char oxidation (Adapted from Smith et al. 1994). 
Researchers have determined the combustion occurrence of char. Wang et al.
(2009) studied the combustion of bituminite coal powder and identified four stages of 
coal combustion: dewatering occurring at <400 K, devolatilization and combustion of 
volatiles at 515-680 K, and oxidation of char at 710-900 K (Wang et al. 2009). Gil et al.
(2010) studied the combustion of high volatile bituminous coal (5 mg sample) at a slow 
heating rate of 15 °C/min (to minimize mass transfer effect) from room temperature to 
1000 °C under an air flow of 50 mL/min. They found that the coal combusts in one step 
between 315 °C and 615 °C and could be modeled by a chemical first order reaction as a 
solid-state mechanism.
2.3.5 Reactions for Thermal Decomposition of Coal
De la Puente et al. (1998) assumed first order parallel reactions for the pyrolysis 
of fresh bituminous coal. Based on their derivative thermogravimetric curves, they 
defined three stages: weight loss occurring from desorption of gases (250-475 °C), 
thermal decomposition reaching a maximum in which breaking of bonds generates tar
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and hydrocarbons (475-575 °C), and degasification, characterized by the formation of 
hydrogen (>575 °C) (de la Puente et al. 1998). Following the Arrhenius law, the three 
stages for the evolution of gases indicated three main parallel reactions for calculating 
apparent activation energies. Chen et al. (2010) state that the formation of carbon 
monoxide and hydrogen at higher temperatures is associated with high apparent 
activation energy reactions. For combustion, Gil et al. (2010) found that high volatile 
bituminous coal oxidizes in one step (316-615 °C), and were able to determine kinetic 
parameters (apparent activation energy and pre-exponential factor), assuming a first order 
reaction based on the Arrhenius equation.
2.3.6 TGA and DTG studies on Coal-Biomass Blends
There has been much research on the co-pyrolysis and co-combustion 
characteristics of coal-biomass blending by thermogravimetric and derivative 
thermogravimetric analysis to determine apparent activation energies (Ea) and reactivity, 
respectively. There is a question of synergistic effects occurring with blended fuel 
pyrolysis and oxidation reactions. It has been found that the kinetics o f pyrolysis and 
oxidation of blended biomass and coal are additive in nature; each fuel contributes to the 
apparent activation energy and peak devolatilization rates proportionally to the blend 
ratios (Gil et al. 2010; Idris et al. 2010; Jones et al. 2005; Sadhukhan et al. 2008). 
Conversely, the presence of synergistic reactions suggests that the peak devolatilization 
rates of the components in the blends are not proportional to those o f the parent fuel, 
which may lead to lower apparent activation energies.
Biagini et al. (2002) studied pyrolysis o f high (US) and low (JW) volatile matter coal 
and pine sawdust and dried sewage sludge biomasses. When blending the biomass and
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coal, they determined that the weight loss curves of the blends resulted from the 
summation of the weight loss curves from the parent fuels, and no interactions resulted 
from their devolatilizations -  the oxygenated species released from biomass did not affect 
coal pyrolysis, which occurred at a higher temperature (Biagini et al. 2002). Vuthaluru 
(2003) investigated the pyrolysis of Collie subbituminous coal and wheat straw blended 
at different ratios (10:90, 20:80, 30:70, and 50:50 coal:biomass) and found that three 
thermal events occurred. The first two corresponded to the degradation of the biomass, 
and the third is linked to coal. As the coal content increased in the blend, the overall 
volatile matter decreased and the fixed carbon increased. Sadhukhan et al. (2008) 
determined the final fractional residue of biomass-coal blends to be increasing linearly 
from 0.147 to 0.760 as the coal content increased in the blends. For this reason, 
Vuthaluru (2003) and Sadhukhan et al. (2008) were able to deduce that there is no 
interaction occurring in the blends during co-pyrolysis of coal and biomass. Others have 
observed similar phenomena (Gil et al. 2010; Idris et al. 2010; Jones et al. 2005; 
Pantoleontos et al. 2009; Sadhukhan et al. 2008).
The pyrolysis temperatures do vary according to fuel composition, but are overall 
considerably lower for biomass than for coal (Vamvuka et al. 2003a). Idris et al. (2010) 
investigated the pyrolysis of palm oil biomass with low rank Malaysian coal and found 
that pyrolysis temperature does not shift for blends compared to the parent fuels, which 
supports the additive nature findings. Studies suggest similar nature when determining 
apparent Ea values. Just as pyrolysis temperatures are lower for biomass than for coal, so 
are the apparent activation energies; they increase with increasing coal content in the 
blends (Vuthaluru, 2003).
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Wang et al. (2009) studied the co-combustion of aspen strawdust and wheat straw and 
bituminite coal and found the burning characteristics of these biomass-coal blends to be 
similar to that of the biomass and coal. Apparent activation energy was higher for 
volatilization and burning of coal (205.5 kJ/mol) than it was for strawdust and wheat 
straw (91.12 and 109.3 kJ/mol, respectively). In the latter grouping, the volatilization and 
burning of the biomass were more noticeable than those for coal (higher transition 
temperature range towards char oxidation). Following the Arrhenius equation and 
assuming first order reaction, higher apparent activation energies were determined for 
char burning than for wheat straw (171.7 kJ/mol), followed by coal (92.9 kJ/mol), then 
strawdust (52.8 kJ/mol). The char burning, however, occurred at a much higher 
temperature for coal (710-900 K) than for biomass (670-770 K for stawdust) (Wang et al. 
2009). Gil et al. (2010) studied the co-combustion of high-volatile bituminous coal and 
pine sawdust and also found the combustion process o f the fuels to be additive. 
According to DTG profiles, combustion of biomass took place in three steps. Initially, 
water was released; at 200-360 °C, volatiles were released and binned; at 360-490 °C, 
char combustion occurred. Coal combusted in one step (315-615 °C) due to oxidation. 
During co-combustion, three steps occurred during the process in which the DTG peaks 
resulted from the individual fuels. The apparent activation energies for combustion also 
rose with increasing coal content in initial stages of degradation; however, Gil et. al. 
(2 0 1 0 ) found that, at >80wt% coal content, the kinetic parameters increased dramatically.
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2.4 Coal-Biomass Blending
Because coal is plentiful and cheap in the U.S., it inevitably has been and 
continues to be an important energy source. But the use of coal for energy has its 
downside, and that begins with coal’s composition.
The composition of coal varies according to its geographical location. U.S. coal 
contains much sulfur (1.5-2% by weight). The sulfur and nitrogen oxides (SO2 and NO2) 
emitted from coal’s combustion can be converted to particulate matter (PM), which 
contributes to visibility impairment. Carbon dioxide emissions constitute another major 
source of pollution adding greenhouse gases. These pollutant emissions may be lowered 
when coal is blended with biomass for uses such as co-combustion (Gil et al. 2010; 
Vamvuka et al. 2003a; Vuthaluru, 2003). Blending biomass with coal lowers fossil fuel 
consumption (Biagini et al. 2002; Gil etal. 2010).
Combustion efficiency in coal-biomass blends is usually limited by the extent o f char 
combustion. Biomass fuels exhibit lower heating values, but also tend to release volatiles 
more rapidly during the pyrolysis stage (Sami et al. 2001). Accordingly, it is imperative 
to determine the optimal blend ratio(s) for a given biomass and coal in co-combustion. 
Vamvuka et al. (2003a) state that knowledge of the thermal behavior and reactivity of 
biomass and coal blends during pyrolysis is important since solid devolatilization is a 
fundamental step in the combustion process, determined through thermogravimetric and 
derivative thermogravimetric techniques. It is also important to determine whether 
synergistic (chemical interactions/non-additive) effects exist during pyrolysis and 
oxidation of the blends.
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2.5 Literature Review on Experimental Methods
Various methods are utilized to investigate the kinetics and evolution of 
compounds from the pyrolysis and/or oxidation o f biomass and coal. A 
thermogravimetric analyzer (TGA) is very commonly used to determine apparent 
activation energy and pre-exponential factor of solid fuels. Gas-chromatography coupled 
with mass-spectroscopy is very common in determining species devolatilized. A review 
on previous studies is given below.
2.5.1 Literature Review on Non-isothermal Thermogravimetric Analysis
A thermogravimetric analyzer (TGA) is commonly used to determine apparent 
activation energy and pre-exponential factor of solid fuels. The maximum temperature for 
coal pyrolysis used experimentally is commonly 900 °C (Holstein et al. 2005; Idris et al. 
2010; Sharma et al. 2010; de Jong et al. 2007; Pan et al. 1996). Methods used to 
determine apparent activation energies for pyrolysis and oxidations are very similar 
among studies. De Jong et al. (2007) used a drying temperature o f 150 °C for 3-4 min, 
then increased to 900 °C for 3 min to pyrolyze, cooled at 250 °C in 20 min, then switched 
the flow to oxygen to combust the residual char at 900 °C. Holstein et al. (2005) studied 
coal from North America, Europe, South Africa, and South America for particle sizes o f 
45-75 pm at 10 °C/min, 30 °C/min, and 100 °C/min. They performed analysis with He 
flow through TG-FTIR, in which the temperature is raised to 150 °C for drying, then to 
900 °C and held for 3 min (the FTIR, Fourier-transform infrared spectrometer, used for 
analysis of evolved gases). In combination with biomass, de Jong et al. (2007) studied 
chicken litter, biomass mix, and meat and bone meal for co-firing with coal when they 
purged the samples with He at 400 mL/min; heated the biomass samples to 60 °C at 30
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°C/min to dry the sample for 30 min, and then raised the temperature to 900 °C at the 
various heating rates. Grammelis et al. (2009) studied municipal solid waste (MSW) 
plastics and refuse derived fuel (RDF). Their samples broke down at higher temperatures; 
therefore, they pyrolyzed fuels up to 1000 °C at a heating rate o f 20 °C/min with 100 
mL/min of He flow for particle sizes of 150-250 pm. For pure biomass, Saddawi et al.
(2010) pyrolyzed willow in samples of 5 mg in a N2 flow at 25 °C/min to 550 °C.
As a solid is devolatilized, its macromolecular structure is altered because of 
depolymerization, vaporization, and cross-linking of the solid matrix, which leads to 
aromatic ring rupture, evolution of gaseous products and tars, and the formation of a 
carbonaceous char. Simultaneous measurement of the thermal behavior and gas 
devolatilization products of coal pyrolysis are commonly performed by coupling TGA 
with either MS or Fourier Transform Infrared Spectroscopy (FTIR) in an inert 
atmosphere (Arenillas et al. 1999).
Earlier studies have been similarly performed. Azeez et al. (2011) used a Py- 
2020iD micro-furnace pyrolyzer (Frontier Laboratories Ltd.) mounted on an Agilent 
6890 GC system. Those researchers held the GC oven at 45 °C for 4 min and used 3 
°C/min to 255 °C, which uses He carrier gas at 1 mL/min. They also used fast pyrolysis 
for biomass samples (wood and African biomass) of -80  pg to temperatures of 300-700 
°C at intervals of 50 °C. Grinins et al. (2012) used a Frontier Lab Micro Double-shot 
Pyrolyzer (Py2020iD connected to a GC/MS (Shimadzu GC/MS-QP2010) to study 
deciduous wood samples. They held the GC for 1 min at 60 °C to 270 °C at 6  °C/min 
using pyrolysis for 1-2 mg samples to 500 °C.
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More common for pyrolysis analysis is the pyroprobe (Chemical Data Systems 
(CDS), USA), which serves as an analytical scale pyrolyzing unit that uses inductive 
heating coils to heat samples that are placed in a fire polished quartz tube (Fahmi et al.
2007). Jones et al. (2005) and Nowakowski & Jones (2008) used a CDS 1000 coupled to 
a HP GC-MSD gas chromatograph to study pinewood and different ranked coals, and the 
biomass constituents (hemicellulose, cellulose, and lignin), respectively. Jones et al. 
(2005) held the GC oven at 80 °C for 2 min, then brought the temperature to 300 °C at 10 
°C/min and held for 10 min. Their samples were dried at 60 °C for 12 h and used 2-3mg 
of sample for pyrolysis to 600 °C at 1 °C/ms, held for 20 s. Nowakowski et al. (2008) 
held the GC oven at -40 °C for 2 min, then heated to -250 °C at 4 °C/min and held for 30 
min. They dried their samples at -60  °C and pyrolyzed -1.5 mg to -600 °C at 20 °C/ms 
held for 20 s. Fahmi et al. (2007) used a GC oven at 45 °C for 4 min, brought up to 240 




Both oxidation and pyrolysis are being studied for thermal degradation of biomass 
and coal, pyrolysis since it is an initial step during the combustion process. It is important 
to understand the kinetic parameters from the combustion reaction of biomass if  it were 
to be incorporated for co-firing with coal. The use of biomass as a replacement fuel in 
coal furnaces introduces different behaviors due to the different bonding system present 
between carbon, hydrogen, and oxygen, as well as the different molecules present 
causing volatilizations during the pyrolysis step. Kinetic parameters for pyrolysis and 
oxidation are determined through first order reaction assumption (see section 2.3.2).
3.1 Materials
Biomass samples were collected from New Hampshire localities. Spent barley and 
hops, known as brewer’s spent grains (BSG), came from the Redhook Brewery in 
Portsmouth. Cocoa bean shells (CBS) were provided by Lindt USA in Stratham. Feed 
com stalks were obtained from the Coppal House Farm in Lee. It is important to note that 
these samples were collected from one day of processing the biomass sources. Variability 
in properties of the waste biomass from one day’s production to another was not 
investigated. It was assumed that there was minimal variability in their make-up from day 
to day production, because the biomass produced from the processes in brewing and 
chocolate production are the same, otherwise, different flavors would be obtained for 
one beer (i.e. Longhammer IP A), or the chocolate Lindt produces. Before measuring the
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reaction kinetics of the biomasses, the samples were all first dried in an oven at 100 °C 
overnight, then ground and sieved into fractions o f <125 and 250-300 pm.
Illinois No. 6  Coal was available in-house at a particle size <44 pm. Venezuela and 
Pennsylvania coal were obtained from Public Services of New Hampshire (PSNH). This 
coal was ground in a ball mill overnight, then sieved to obtain particle sizes <125 pm. 
Table 3 lists the coal analysis of Pennsylvania and Venezuela coal provided by PSNH 
and Illinois No. 6  analysis obtained from Fischer-Tropsch Archive.
Table 3. Elemental analysis for coals (analysis information for Venezuela and Pennsylvania 
coal provided by PSNH, Illinois No. 6 coal analysis obtained from Fischer-Tropsch Archive).
Proximate Analysis, wt% Elemental Analysis, wt%
Coal Moisture Content Ash Content C H N O S
Illinois No. 6 4.2 10.7 77.87 5.65 1.47 11.72 3.29
Pennsylvania 6.55 6.98 71.29 4.98 1.33 7.15 1.61
Venezuela 7.84 6.46 70.87 4.94 1.24 8.05 0.59
Illinois No. 6* - 11.1 70.2 4.8 0.9 9.9 3.1
Pennsylvania* - 7.47 76.28 5.33 1.42 7.65 1.73
Venezuela* - 7.01 76.9 5.36 1.35 8.74 0.64
‘Dry basis
Between 5 and 10 mg of each blend (90:10, 80:20, 50:50, coakbiomass, by mass) 
were made by measuring the desired mass of each fuel into a glass vial and mechanically 
agitated with a Scilogex Vortex mixer.
3.2 Non-isothermal Thermogravimetric Analysis
The biomass and coal samples were prepared as described above. For 
measurements in the thermogravimetric analyzer (TGA), 10%, 20%, and 50% biomass in 
coal (by mass) samples were made for each size fraction. Between 5 and 10 mg of each 
sample (pure biomass, coal, and blends) were placed in a clean 70pL alumina crucible 
and pyrolyzed three times for each sample in a N2 flow of 55 mL/min using a Mettler 
Toledo TGA, with data output from Mettler STARe Default DB V I0.00 software.
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The biomass samples were ramped up from 25 °C to 110 °C at 50 °C/min, and 
held at 110 °C for 60 minutes to drive off residual moisture under continual purging with 
N2. The samples were then cooled back to 25 °C at -10°C/min and held for 5 minutes 
under N2. For the pure biomass samples, the temperature was increased to 750 °C at a 
specified heating rate and held for 5 minutes. The coal and the biomass-coal blends were 
pyrolyzed in the TGA through the same process, except they were pyrolyzed to 900 °C 
(and held for 5 minutes) to ensure complete decomposition of coal. The same procedure 
was used under air flow for oxidation of the samples. Heating rates o f 10, 50, and 100 
°C/min were used to investigate effects of heating rate on devolatilization rate by 
pyrolysis and oxidation of the fuels. The mass of the sample was logged every second to 
the 10' 8 grams, along with time and temperature, accurate to 0.01 °C. The same run was 
performed three times for each sample to obtain apparent activation energies from each, 
leading to an average value from the three. The variation from the average value was 
determined by the standard deviation between the three values.
The region for analysis was executed from the maximum weight from the 5 min 
interval held at 25 °C (after the sample was dried in the TGA and cooled back down), up 
until the end of the 5 min at the maximum set temperature (750 °C for biomass, and 900 
°C for coal and coal-biomass blends). The 5 min at room temperature before heating to 
maximum temperature allowed for a steady initial weight to be obtained, and similarly, 
the end of the 5 min at the final maximum temperature ensured that the actual 
temperature of the sample reached the set temperature, and therefore, a steady final 
weight of the sample at the actual maximum temperature was obtained; the 5 min at the 
final temperature was more than sufficient to obtain total mass loss. These initial and
final weights allowed for calculations of extent of conversion to be made for 
determination of apparent activation energy.
3.3 Pyrolysis Gas Chromatography -  Mass Spectroscopy (Py-GC-MS)
In this study, a Double-Shot Pyrolyzer (DSP) gas chromatograph-mass 
spectrometer (GC-MS) system was used to explore the gaseous products of coal-biomass 
blends in an inert atmosphere, mimicking the conditions in the TGA. A Shimadzu 
Double-shot Pyrolyzer (EGA/PY-GC 3030D) is coupled to the GC with quadrupole MS 
with El detection. Helium atmosphere is used for pyrolysis of samples under a flow o f 62 
mL/min. The GC oven column is SHRX1-5MS of length 30 m with an inner diameter 
(i.d.) of 0.25 mm. The GC oven was first held at 35 °C for a certain amount o f time, then 
brought to 300 °C at 10 °C/min and held for 5 min. Sample amounts pyrolyzed were 
1.42±0.12 mg for <125 pm size. The sample was heated to 110 °C to drive off water, 
then pyrolyzed up to a temperature of 900 °C (750 °C for pure biomass) at 100 °C/min 
and held for 5 min for consistency with TGA experiments. Flash pyrolysis was also 
performed to mimic real situations for co-combusting in a coal-fired boiler. Continuous 
evolution of volatiles and pyrolyzate gasses are carried by the He through the column. 
Compound evolution was determined for the highest 45 peaks by area. With the 
assumption that the peak area is directly proportional to compound concentration, the 




There are several factors to consider when describing the reaction kinetics for the 
oxidation of biomass with coal. Much research on biomass/coal kinetics has been 
conducted at slow heating rates (<10-30 °C/min) to overcome potential heat and mass 
transfer limitations (Aboulkas et al. 2009; Arenillas et al. 1999; Cozzani et al. 1995; 
Sharma & Ghoshal, 2010). Slow heating rates, however, do not model the rapid 
combustion processes which occur in an industrial setting with a coal boiler’s heating 
rates upwards of 1000 °C/min. In this study, we employed slow and fast heating rates of 
10, 50, and 100 °C/min on smaller particle sizes and sample sizes than those used in the 
above studies. The small particle sizes minimized transport limitations, insured 
reproducibility within our data, and also contributed to the literature on the kinetics of 
thermochemical conversion processes at higher heating rates.
To study the reactivity of the combustion of coal and biomass, pyrolysis and 
oxidation experiments of the pure BSG, CS, CBS, Illinois No. 6 , Venezuelan, and 
Pennsylvania coal and their blends were performed in a thermogravimetric analyzer 
under constant gas (N2 or air, as appropriate) flow subjected to a series o f heating rates 
(10, 50, and 100 K/min) from a starting temperature of 25 up to 900 °C. We used a first 
order Arrhenius model across different blend ratios of coal and biomass, different heating 
rates, and different particle sizes to determine the apparent activation energies for the fast 
thermochemical conversion of coal-biomass blends. There are many inherent
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assumptions behind the model, such as applying it for a lumped reaction model (multiple 
overlapping reactions occurring), as well as assuming it to be first order; this is 
commonly found across literature, and has therefore become a basis of comparison of 
apparent activation energies based on this model for pyrolysis and oxidation of the fuels. 
This data may provide information needed to determine an optimum biomass to coal 
blend ratio. To determine the impact o f blending on the compounds evolved during 
pyrolysis, we used a Double-Shot Pyrolyzer coupled with gas chromatography-mass 
spectroscopy (GC-MS) to analyze differences in pyrograms. By gathering these sets of 
data together, we can form a better understanding of the rates at which pyrolysis occurs, 
how solid fuel blending impacts the chemistry of pyrolysis, and what effect all of this has 
on the oxidation of coal-biomass blends.
We began by examining the effects of biomass particle size on pyrolysis and 
oxidation in blends; the particle size of the coal was held constant throughout. Next, we 
examined the effect of heating rates using derivative thermogravimetric curves. The 
apparent Ea values, based on the first order Arrhenius method, were then compared on the 
basis of varying sizes, heating rate, and blends. Finally, we addressed the release of 
volatiles during pyrolysis at three heating rates (10, 50 100 K/min) for all the fuels to 
present the chemistry behind pyrolysis of biomass-coal blends via GC/MS analysis.
4.1 Biomass Particle Size Effect on Mass Loss Rate from Pyrolysis and Oxidation
As discussed in Chapter 2, the extent of possible intra-particle heat transfer limitations is 
gauged by the Biot number, and we have made efforts to limit these effects. Previous 
research suggests that a large particle size may lead to large thermal gradients. These can 
create heat transfer limitations to the point that the thermal degradation of the particle
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will not be kinetically controlled. We investigated two particle size ranges to insure there 
was no thermally-thick regime present for the particle sizes used in this study (<125 and 
250-300 pm), as most literature agrees that diffusion effects may be neglected for the 
particle size range we used (Bryden et al. 2002; Miller & Bellan 1996).
The conversion (fraction of total mass loss at any given time) plotted against 
temperature for the pyrolysis of the biomass for both particle sizes (<125 and 250-300 
pm) at 100 K/min overlap, which leads to difficulty in analyzing any differences, as seen 
in Figure 9. A plot of the derivative of the conversions (DTG plot, as explained in section 
2.3.3) versus temperature would yield curves for the devolatilization of components. 
From a DTG plot, it would be obvious that a larger particle size has a different maximum 
rate of decomposition than the smaller particle size, either higher or lower, because the 
increased particle radius likely leads to some diffusion limitations. This is shown in 
Figure 10 for the same sample and pyrolysis conditions as for Figure 9. It is clear that the 
larger particle size shows the first and third peaks volatilizing at a higher rate and the 
second peak volatilizing at a lower rate than the smaller particle size -  maximum rate of 
devolatilization is increased or decreased for different components. DTG plots were also 
obtained for CBS and CS with particle size comparison at 100 K/min pyrolysis (Figure 
11-12). In Figure 11, the first peak is at a higher rate and the third peak is at a lower rate 
for the larger particle size. In Figure 12, the main peak of the larger particle size appears 
to show devolatilization at about the same maximum rate as the smaller size. From Figure 
1 1 , we see that there is perhaps a slight limitation in heat transfer for the larger particle 
size, because the rate is faster/slower for the pyrolysis o f certain components o f the 
biomass. Mani et al. (2010) found that for pyrolysis of wheat straw at 10 K/min, there is a
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slight increase of DTG peak for particle sizes of 250 pm compared to <150 pm, and 
remained constant for particle sizes larger than 475 pm. They attributed this to a char 
yield increase from 250 pm to 475 pm with a constant char yield for pyrolysis o f particle 
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Figure 9. Conversion vs. temperature for pyrolysis of BSG particle sizes <125 and 250-300 pm at 100 
K/min.
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Figure 10. DTG curve for pyrolysis of BSG particle sizes <125 and 250-300 pm at lOOK/min.
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Figure 11. DTG curves for pyrolysis of CBS particle sizes <125 and 250-300 pm at 100 K/min.
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Figure 12. DTG curve for pyrolysis of CS particle sizes <125 and 250-300 pm at lOOK/min.
Oxidation of biomass is explored for the same particle sizes and heating rates. It is
expected to show two DTG peaks, corresponding to the devolatilization and oxidation of 
volatiles, followed by oxidation of char. Figures 13-15 below show the plots for 
oxidation of BSG, CBS, and CS, respectively, at 100 K/min. Compared to Figures 13 and 
15, there is no clear separate peak depicting the oxidation of char following the oxidation 
of volatiles stage for CBS oxidation at 100 K/min pyrolysis. The particle size differences
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are insignificant, as seen in the DTG curves for oxidation of CBS at high heating rate 
(Figure 14). The DTG curves based on oxidation of CS show devolatilization and 
oxidation of volatiles from 415-655 K at 100 K/min heating rate (Figure 15) with char 
oxidation following. The high heating rate pyrolysis of CS (Figure 15) does show a large 
difference between the particle sizes during the char oxidation stage. The larger particle 
size shows a higher rate of oxidation and smaller temperature range than the smaller size.
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0.014 - •  BSG 250-300um
0.012  -
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Figure 13. DTG curves for oxidation of BSG particle sizes <125 and 250-300 pm at 100 K/min.
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Figure 14. DTG curves for oxidation of CBS particle sizes <125 and 250-300 pm at 100 K/min.
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Figure 15. DTG curves for oxidation of CS particle sizes <125 and 250-300 pm at 100 K/min.
4.2 Heating Rate Effect on Mass Loss from Pyrolysis and Oxidation of Fuels
Pyrolysis of coal, biomass, and their blends is often performed at varying heating 
rates that mimic slow, fast and rapid pyrolysis. Many researchers have investigated the 
reaction rate parameters (apparent activation energy) at different heating rates for 
pyrolysis because different products are produced. Heating rate effects are examined in
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this study to determine how results may be compared to a desired heating rate. As 
discussed in section 2.3.2, a higher heating rate would cause the biomass to reach 
conversions at slightly higher temperatures than at lower heating rates since cracking of 
the solid fuel particles would occur at higher temperatures due to an increased 
temperature gradient within the particle. Figure 16 illustrates how the conversion of BSG 
is affected by the heating rate for its pyrolysis; this indicates that there is, in fact, a less 
effective transfer of heat at higher heating rates. The same trend was noted for pyrolysis 
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Figure 16. Conversion vs. temperature for pyrolysis of <125 pm BSG at heating rates of 100, 50, and 10 
K/min.
Table 4. Temperature at 50 wt% conversion for selected fuels (<125 pm) pyrolyzed at different 
heating rates.
Heating rate, K/min Temperature at X=50%, K
BSG CS 80:20 VC:CBS PC
10 598.6 595.3 738.2 765.9
50 618.5 611.7 743.9 775.1
100 625.4 620.5 750.4 780.1
DTG plots for a sampling o f fuels are shown in Figures 17-24 to compare heating 
rate for biomass and coal of particle sizes <125 pm. Studies have found that the heating
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rate affects maximum pyrolysis rate peaks. Biagini et al. (2002) studied pyrolysis of 
biomass and coal-biomass blends at a low heating rate of 20 °C/min. Devolatilization of 
components were visibly separated in DTG curves, compared to results obtained at 
higher heating rates where peaks overlap. Other studies similarly found an increase in 
maximum pyrolysis rate with an increase in heating rate (Haykiri-Acma et al. 2006; Li et 
al. 2008; Pantoleontos et al. 2009; Skodras et al. 2006). Some research suggests that 
these shifts occur because of limiting factors. White et al. (2011) believe that at high 
heating rates, biomass conversion reactions are limiting because o f the poor thermal 
conductive properties exhibited by biomass. An increase in temperature gradient within 
the particle increases, requiring a higher temperature to initiate pyrolysis. Suuberg et al. 
(1996) report that mass transport limitations occur because of the evaporative escape of 
cellulose tars which have a latent heat o f vaporization (141 kJ/mol) similar to that of 
cellulose (140 kJ/mol) at high heating rates.
Results in this study (Figures 17-20) follow the same trend as observed in the 
literature -  maximum devolatilization rates are higher with a higher heating rate. Haykiri- 
Acma et al. (2006) explain that the trend is attributed to the mass or heat resistance inside 
the biomass particle which is avoided with a higher heating rate, which is contrary to the 
discussion in the background where other sources suggest that higher temperature 
gradients are obtained with higher heating rates leading to a higher heat resistance (Idris 
et al. 2010; White et al. 2011). Clearly, the reaction rates for the pyrolysis of the fuels 
indicate very strong dependence on the rate of heat transfer based on the DTG curves. It 
is also important to note in Figures 17-20 that maximum rates of pyrolysis is much higher 
at 100 K/min compared to at 10 K/min. In combination with Figure 16 (and Table 4), this
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confirms that a higher maximum rate of pyrolysis allows for conversion to be reached 
faster, but at a higher temperature at 100 K/min compared to at 10 K/min since heat 
transfer is less effective and so cracking of the solid particle occurs at a higher 
temperature.
Sharper peaks also arise from higher heating rates. The same peaks at lower 
heating rates are present -  for the devolatilization of a component, a certain temperature 
regime exists at which it decomposes. This is seen in Figure 17-23. The maximum rate o f 
pyrolysis occurs at the same temperature regardless of the heating rate, but the onset 
temperature (the minimum temperature required for decomposition to progress) and the 
endset temperature (maximum temperature at which decomposition is completed) are not 
exactly the same across heating rates.
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Figure 18. DTG curves for pyrolysis of CS particle size <125 pm at 10, 50, and 100 K/min.
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Figure 19. DTG curves for pyrolysis of 80:20 VC:CBS with biomass particle size <125 pm at 10, 50, and 
lOOK/min.
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Figure 20. DTG curves for pyrolysis of Pennsylvania coal particle size <125 pm at 10, 50, and 100 K/min.
Similar trends are observed for oxidation of fuels, as seen in Figures 21-23. 
Oxidation DTG curves in Figures 21-23 show the oxidation of volatiles from the 
devolatilization stage (as noted in the previous section for oxidation of biomass on 
different particle sizes), followed by oxidation o f the remaining char from the biomass 
and/or coal. As noted earlier, the trend is similar to that observed over a series of heating 
rates for the pyrolysis of fuels, in which the same shape is observed with a higher 
maximum rate of oxidation at higher heating rates for the pyrolysis and oxidation of 
volatiles and char. The 10 K/min heating rate has a sharper peak than the higher heating 
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Figure 21. DTG curves for oxidation of 50:50 IllNo6:BSG of biomass particle size <125 pm at 10, 50, and 
100 K/min.
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Figure 22. DTG curves for oxidation o f Pennsylvania coal (50 wt%) blended with com stover (50 wt%) of 
particle size <125 pm at 10, 50, and 100 K/min.
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Figure 23. DTG curves for oxidation of Illinois No. 6  coal of particle size <125 pm at 10, 50, and 100 
K/min.
It is expected to also see an effect on the oxidation of biomass at a low heating 
rate for two different particle sizes. This is illustrated for the oxidation of BSG and CS at 
10 K/min for <125 and 250-300 pm in Figures 24 and 25. The char oxidation peaks are 
better defined for BSG and CS, as noted earlier. The particle size does not really affect 
the oxidation rates of those two biomasses, except for the second stage in CS (char) 
oxidation (Figure 25), in which 250-300 pm particles have a lower DTG peak than the 
<125pm particles (the opposite was observed at 100 K/min heating rate (Figure 15)). For 
both particle sizes, there is devolatilization and oxidation of volatiles at 420-635 K.
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Figure 24. DTG curves for oxidation of BSG particle sizes <125 and 250-300 pm at 10 K/min.
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Figure 25. DTG curves for oxidation of CS particle sizes <125 and 250-300 pm at 10 K/min.
The fraction of char remaining after oxidation illustrates the effectiveness o f the 
heat transfer to the particles. According to many literature sources, higher heating rates 
cause more char production (Haykiri-Acma et al. 2006; Idris et al. 2010; Mani et al. 
2010; Skodras et al. 2006). Table 5 lists the fraction of char remaining after pyrolysis for 
some biomass, coal, and their blends at several heating rates. The results from Table 5 did
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not match projections. It is still believed that weight loss increases with decreasing 
heating rate because more reactions are allowed to happen per time, specifically during 
the devolatilization stage, thus decreasing the char production.
Table 5. Char yield for pyrolysis of fuels at several heating rates, biomass particle sizes <125 pm.
Heating Char yield (%)
rate, K/min BSG CBS CS 50:50 IDNo6 :BSG
100 27.91% 36.80% 32.57% 47.59%
50 31.38% 35.90% 34.30% 47.23%
10 32.13% 33.61% 33.76% 48.01%
4.3 Apparent Activation Energy among Pyrolysis and Oxidation of Fuels across 
Different Particle Sizes and Heating Rates
The kinetic energy (energy attributed to motion) a molecule carries is different for 
each molecular species. The amount of energy a molecule possesses must meet the 
activation energy that is required for a reaction to proceed. In many studies it is 
calculated for reactions occurring during pyrolysis and combustion of fuels, and so the 
question arises as to how an activation energy is being compared across for different 
reactions occurring, sometimes different reactions occurring simultaneously, as shown in 
Figure 6  in section 2.3.1 for biomass pyrolysis. As discussed in that section, it would be 
very difficult in discerning each individual reaction (and currently not possible to do so), 
so that determining an activation energy for each reaction would not be allowed to be 
accomplished. An apparent activation energy lumps the decomposition of one main 
component with overlapping reactions from decomposition of other components 
occurring during pyrolysis into one. This is commonly done in other studies. The DTG 
method is used to determine what the bulk temperature range is for the maximum rate of
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decomposition for a certain component, which is useful for determining the apparent 
activation energy for the main decomposition reaction of that component.
In the last two sections, it was shown that there were very slight effects on 
maximum rates of pyrolysis and oxidation reactions due to different particle sizes, 
suggesting there indeed were heat transfer limitations due to thermal lags in the larger 
particles; it was also demonstrated that maximum rates o f pyrolysis and oxidation are 
dependent on the rate of heat transfer. The apparent activation energy, however, is still 
determined at the different heating rates, for the pyrolysis and oxidation o f biomass, coal, 
and their 50:50, 80:20, and 90:10 coakbiomass blends using Arrhenius plots. This is 
commonly done throughout literature and makes a good basis of comparison (Branca & 
Di Blasi, 2003; Buessing & Goldfarb, 2012; Grammelis et al. 2009; Granli et al. 1999; 
Hu et al. 2007; Lanzetta & Di Blasi 1998; Li et al. 2008; Skodras et al. 2006; White et al. 
2011).
Using equation (4), xj may be calculated, and in combination with equation (13), 
kj may be found; a plot of the InA, versus 1 IT (Arrhenius plot) yields a series of straight 
lines corresponding to the thermal decomposition of components present in the blends, 
defined by the DTG peaks for the maximum rates of decomposition of those components. 
The slopes of the Arrhenius plots are used to calculate apparent Ea (equation (14)) for the 
pyrolysis of each component between the onset (Ti) and endset (T2) temperatures. These 
values were determined for all fuels (see Appendix). Figure 26 illustrates the Arrhenius 















Figure 26. Arrhenius plot for pyrolysis of BSG at 100 K/min to 900 °C. Slopes 1, 2, and 3 refer to 
decomposition of primarily hemicellulose, cellulose, and lignin, respectively.
Available research lists kinetic parameters obtained using similar methods. 
Grammelis et al. (2009) find that the pyrolytic decomposition of the primary components 
(hemicellulose, cellulose, lignin) of waste paper biomass at a heating rate o f 20°C/min, 
yield apparent activation energies of 107-164, 198-232, and 30-48 kJ/mol, respectively 
(roughly corresponding to the primary components’ decomposition). They assumed 
multiple degradation reactions occurring simultaneously with summative reaction order 
of one. Also under a first order reaction assumption, Buessing & Goldfarb (2012) find 
apparent activation energies of cabbage palm biomass pyrolysis ranging from 64-115, 67- 
152 and 19-25 kJ/mol for the three fractions under heating rates ranging from 25 to 100 
°C/min. Here, apparent activation energies for pyrolysis of BSG, CBS, and CS at 
different particle sizes and heating rates are determined (Figures 27-29).
Studies have found that, at low heating rates, the slow pyrolysis of cellulose has 
an apparent activation energy value lower than the one obtained at a higher heating rate 
(Granli et al. 1999; Suuberg et al. 1996). Others have found that, at low heating rates, the
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pyrolysis of hemicellulose and cellulose has an apparent activation energy value higher 
than the one obtained at a higher heating rate (Pantoleontos et al. 2009), which was 
observed here. Apparent activation energy values for pyrolysis of components in BSG at 
different heating rates and particle sizes are shown in Figure 27 (in correspondence to 
Figure 13). The particle size has very minimal effect on apparent Ea for pyrolysis of BSG 
at faster heating rates (>50K/min) than at lower heating rates (specifically the first two 
fractions). The same is observed for pyrolysis of CBS, excluding the highest temperature 
regime fraction. The apparent Ea values for pyrolysis o f CS are also similar when 
comparing particle sizes for all heating rates, as seen in Figure 29. In general, the 
apparent Ea values seem to increase in going from 100 to 10 K/min for the low and mid 
temperature mass loss regimes (that may be attributed to cellulose and hemicellulose 
pyrolysis), and decrease for the high temperature regime (attributed to the lignin 
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Figure 29. Apparent Ea values for pyrolysis of CS particle sizes <125 and 250-300 pm at 100, 50, and 10 
K/min.
For 50:50 VC:BSG, 90:10 CS:PC, and PC, Tj, T2, apparent Ea, and mass loss 
fractions are listed in Table 6 . The first fraction is examined at the decomposition of 
hemicellulose and some lignin, which decomposes between 493-588 K and 433-1173 K, 
respectively (Yang et al. 2007), and the case for biomass pyrolyzed is assumed. As seen 
in Table 6 , Ti for each fraction tend to decrease for most samples as they are pyrolyzed
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with decreasing heating rates from 100 to 10 K/min, also seen in Figure 21-23. The trend 
is followed in every instance except for 50:50 VC:BSG for low and high temperature 
mass loss regime, where Ti decreases from 100 to 50 K/min, but then increases from 50 
to 10 K/min. It may be possible that, at those regimes, the heating rate has very minimal 
effect on this sample. It is also noted from Table 6  that apparent Ea increases at low and 
mid temperature mass loss regimes for fuels; at high temperature regime, it varies for the 
blends and coal, but overall increases. Pantoleontos et al. (2009) and Skodras et al. 
(2006) reason that the kinetic values vary from one heating rate to another because of 
thermal lag introduced by operating conditions, as opposed to changes of reaction 
mechanisms, altering the TG/DTG profile and, therefore, the kinetic values themselves 
(Pantoleontos et al. 2009; Skodras et al. 2006). In the case for products evolved, Basu 
(2010) explains that rapid heating to 400-600 °C yields higher volatiles and more liquid, 
while a slower heating rate (<0.1-2 °C/s) produces more char. The percentage of mass 
loss varies among the fuels represented in Table 6 . The mass loss trend for pyrolysis for 
50:50 VC:BSG (increasing with increasing heating rate) is opposite to that o f 90:10 
CS:PC (decreases with increasing heating rate). PC mass loss also decreases with 
decreasing heating rate.
For oxidation of fuels, it is expected to see onset temperatures decreasing during 
the 1st stage (devolatilization and oxidation of volatiles) as heating rate decreases. This is 
shown in Table 7 for oxidation of BSG, 80:20 IllNo6 :BSG, and VC at 100, 50, and 10 
K/min. The same is observed for some, but not all fuels, during the oxidation of char 
stage. It may also be noted that, at a lower heating rates, less material remains after the 1st 
stage of oxidation due to more efficient heat transfer, as evidenced by the mass loss
percent increase. The remaining material consists of a higher amount of carbon (at lower 
heating rates) to be oxidized in the second stage.
For BSG, the apparent Ea decreases during the 1st stage and increases during the 2nd 
stage as heating rate decreases; mass loss fraction is again inversely related to the heating 
rate, such that thermal degradation occurs more effectively. For the 80:20 IllNo6 :BSG 
blend, apparent Ea increases with decreasing heating rate for both stages o f oxidation; 
mass loss fraction is higher during the 2nd stage of oxidation. For Venezuela coal, the 
apparent Ea is highest for the 10 K/min oxidation rate; the mass loss fraction is lower at 
lower heating rates; the temperature regime trend is not followed -  Ti varies (although, 
T2 does decrease).
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Table 6 . Onset (T() and endset (T2) temperatures, apparent Ea values, and mass loss fraction for low, mid, and high temperature mass loss regimes 
for pyrolysis of some fuels._______________________________________________________________________________________
Low temperature mass loss regime Mid temperature mass loss regime High temperature mass loss regime



















537.7 594.4 96.0 ± 3.3 13.9 ± 0.683 630.3 655.0 20.0 ± 4.5 10.7 ± 1.421 704.2 771.2 59.7 ± 2.4 16.4 ± 0.889
540.4 582.1 106.1 ± 0.4 11.0 ± 1.339 623.2 646.3 27.0 ± 0.7 9.9 ± 0.522 706.1 751.9 71.9 ± 0.8 11.8 ± 0.713
519.0 563.2 110.1 ± 3.2 13.1 ± 1.709 605.1 626.7 24.3 ± 0.7 9.4 ± 0.716 677.2 727.5 66.7 ± 1.5 12.6 ± 1.065
533.5 595.8 50.0 ± 0.9 6.5 ± 0.424 609.0 640.8 32.68 ± 1.1 6.16 dh 0.245 696.4 758.7 118.9 ± 1.2 20.9 ± 0.690
531.5 581.3 61.46 ± 1.1 4.7 + 0.196 588.5 614.5 53.71 ± 9.3 3.17 ± 2.280 588.5 614.5 53.71 ± 9.3 15.9 ± 2.796
543.2 562.4 65.0 ± 4.3 2.2 ± 0.327 583.9 605.8 58.39 ± 1.7 4.56 ± 0.165 667.4 712.9 136.0 ± 0.6 14.9 ± 0.780
693.0 757.6 148.3 ± 14 21.6 ± 2.389
681.5 743.7 145.2 ± 2.2 19.8 ± 1.530
659.0 712.8 150.3 ± 5.0 17.5 ± 2.383
Table 7. Onset (Ti) and endset (T2) temperatures, apparent Ea values, and mass loss fractions for low and high temperature mass loss regimes for
oxidation of some fuels.__________________________________________________________________________________
Low temperature mass loss regime_______  Mid temperature mass loss regime________
Ti,K T2, K Ea, kJ/mol mass loss, % Ti,K T2,K Ea, kJ/mol mass loss, %
BSG 541.9 572.6 140.1 ± 3.5 11.2 ± 1.273 723.3 790.4 40.3 db 2.5 8.2 ± 1.1849
100 K/min
BSG 534.8 554.5 132.0 ± 1.5 13.5 ± 2.957 746.4 829.2 60.5 ± 8.4 14.1 ± 0.580
50 K/min
BSG 515.5 554.0 120.9 ± 1.8 14.7 ± 1.579 714.8 784.9 75.0 ± 2.0 16.5 ± 1.1313
10 K/min
80:20 IUNo6 :BSG 528.2 564.8 101.4 ± 8.6 2.9 ± 0.527 673.4 761.0 44.7 ± 7.0 15.9 ± 0.347
100 K/min
80:20 IIIN06  BSG 517.6 567.1 101.5 ± 5.5 4.3 ± 0.365 676.0 791.6 36.5 ± 1.6 17.0 ± 2.646
50 K/min
80:20 IIIN06  BSG 510.2 549.5 124.8 ± 1.8 3.3 ± 0.150 689.7 769.3 94.4 ± 7.4 43.2 ± 5.013
10 K/min
VC 673.9 910.2 51.52 ± 3.6 63.8 ± 5.698
100 K/min
VC 648.8 839.6 40.8 ± 1.2 28.9 ± 0.470
50 K/min
VC 673.5 755.5 59.36 ± 1.7 31.1 ± 2.197
10 K/min
4.3 Mass Loss and Apparent Activation Energy between Varying Blending Ratios of 
Biomass and Coal
Thermal decomposition among biomass and coal and their blends is compared by 
DTG curves and apparent activation energies. The biomass (i.e., BSG) is composed of 
different types and amounts of volatile components and lignocellulosic material 
compared to coal (i.e., IIIN0 6  coal). From TGA analysis, derivative thermogravimetric 
(DTG) curves were obtained to show the maximum rate of weight loss for pyrolysis of 
fuels. If the maximum rate of decomposition of components in the blends is directly 
related to the concentrations of the biomass and coal, there is an additive nature, and the 
maximum rate of weight loss for biomass components should increase at low 
temperatures as biomass content increases, and increase for coal components at higher 
temperature regimes as coal content increases. This is observed since the same 
components are present in the blends as in the parent fuels, but at different concentrations 
where no chemical interactions occur between biomass and coal components upon 
mixing/heating of the blends, and there is a certain temperature regime at which the 
devolatilization of the components occurs (as also noted in section 4.2 when comparing 
maximum rates of devolatilization with different heating rates). This is the case for the 
pyrolysis of biomass blended with coal, as illustrated in Figure 30-32.
Figure 30 shows the DTG curves for BSG and blends with IHN0 6  coal. A 50:50 
blend of IllNo6 :BSG is very different from the lower biomass content blends. It is clear 
that a 10wt% of biomass in coal is more similar to the coal devolatilization. There is 
almost a total disappearance of the 2 nd peak that may be assigned to the cellulose portion 
in biomass. BSG likely contains a higher concentration of hemicellulose than cellulose.
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The same peaks are present in the blends as in the coal and biomass; at the high 
temperature mass loss regime, the blends have lower DTG values than coal, which 
decrease with increasing biomass content. The same patterns are observed for the 
pyrolysis of other fuels, as seen in Figures 31 and 32.
During pyrolysis, the DTG evolution profile for BSG shows two main peaks with 
maximum temperatures (Tmax) at about 590 K, 634 K and a smaller one around 700 K. 
Biagini et al. (2006) report that the maximum rate of devolatilization for hemicellulose 
occurs at 572 K, for cellulose at 627 K, and for lignin at 634 K, however it is known that 
lignin decomposes throughout a wider range (Idris et al. 2010). It is likely that the first 
two peaks correspond to the decomposition of hemicellulose and cellulose for the lower 
and higher temperature peaks, respectively (Aboulkas et al. 2009). The DTG evolution 
profile for IIIN0 6  coal shows that there is a small peak at about 576 K. This is probably 
due to the release of some volatiles. At about the same temperature, for pure BSG there is 
a large DTG peak likely attributed to hemicellulosic decomposition, which is observed to 
have a decrease in the blends as biomass concentration decreases. The main peak for 
pyrolytic decomposition of coal is where Tmax is 735 K (with another shoulder at about 
800 K). Idris et al. (2010) reference this range to the carbon containing volatile matter 
that is being released. The only reported apparent Ea values for IIIN0 6  coal are for the 
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Figure 30. DTG curves for pyrolysis of Illinois No. 6  coal blended with BSG particle size <125 pm (50:50, 














Figure 31. DTG curves for pyrolysis o f Pennsylvania coal blended with CBS particle size <125 pm (50:50, 
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Figure 32. DTG curves for pyrolysis of Venezuela coal blended with CBS particle size <125 pm (50:50, 
80:20, and 90:10) at 100 K/min heating rate.
The DTG curves for the oxidation of IHN0 6  coal, BSG, and their blends in Figure 
33 have fewer peaks than the DTG curve for pyrolysis of the samples. BSG has one main 
peak at about 582 K and a wider range peak beginning at around 725 K. Coal has a small 
peak at around 574 K and a larger one beginning at around 620 K. For blending, the same 
additive nature is observed in DTG profiles for the oxidation o f fuels as with the 
pyrolysis of the fuels. Although there are fewer DTG peaks observed, it is known that the 
same pyrolytic process occurs, but with immediate oxidation of the volatiles. As studied 
by Wang et al. (2009) and Grammelis et al. (2009), it is typical to observe at least two 
oxidation stages, the first signifying the devolatilization and oxidation o f volatiles, and 
the second, oxidation of the remaining char (Grammelis et al. 2009; Wang et al. 2009). 
Vuthaluru (2003) found there to be no synergistic effects occurring during co-pyrolysis of 
wheat straw and coal (Vuthaluru, 2003). Gil et al. (2010) determined that co-oxidation of 
pine sawdust with coal resulted in no synergistic effects. Moreover, the first step of 
oxidation of biomass and coal oxidation occurring may be modeled by first order kinetics
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(Gil et al. 2010). It can be seen from the DTG curves in Figure 32 that there are no 
synergistic effects present during oxidation of BSG blended with IIIN0 6  coal due to the 
additive nature of the blends. Kinetic values for pyrolysis of PC, CBS, and their blends 
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Figure 33. DTG curves for oxidation of Illinois No. 6  coal blended with BSG particle size <125 pm 
(50:50, 80:20, and 90:10) at 100 K/min heating rate.
Figure 34 corresponds with the DTG curves presented in Figure 31 where there 
are no apparent Ea values for certain compounds. There are for two reasons for this. One, 
because there are none volatilizing at that temperature regime, and two, the 
devolatilizations were too small, resulting in apparent Ea values too small to measure. 
Such is the case at 663-705 K where, as seen in Figure 30, the fourth peak in CBS is 
presented in the 50:50 blend only. For all temperature regimes, the apparent activation 
energy is noted as additive. At the lower temperature fractions, apparent Ea clearly 
decreases as CBS concentration decreases, mainly because of the biomass components 
devolatilizing. At the highest temperature fraction, apparent Ea increases as coal 
concentration increases because all CBS components devolatilized at lower temperatures.
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Therefore, the samples increase in heating value the more carbon-carbon bonds are 
present from the coal.
From Figure 35, the same trend is noted for oxidation of biomass and coal as with 
pyrolysis, as seen in Figure 34. The apparent activation energy decreases during the low 
temperature regime as BSG content decreases because the concentration of 
lignocellulosic material decreases. For the high temperature fraction (628-785 K), there is 
not a large increase in apparent Ea as would be expected. The appendix lists onset and 
endset temperatures, apparent Ea values, and mass loss fractions for pyrolysis and 
oxidation of other fuels. For the latter, the same non-synergistic observations were made 
based on the DTG curves and apparent Ea values.
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Figure 34. Apparent activation energy values (blue) and standard deviation (red) for pyrolysis of PC, CBS, 
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Figure 35. Apparent activation energy values (blue) and standard deviation (red) for pyrolysis of IIIN0 6  
Coal, BSG, and blends at 100 K/min for biomass particle size <125 pm.
The apparent activation energy may have a slight correlation with the DTG peak 
from which it was determined from. Figures 36, 37, and 38 were constructed to illustrate 
this relationship for the first, second, and fourth temperature fractions, corresponding to 
the DTG curve peaks in Figure 30.
For the first and last mass loss regimes, there is clearly a linear correlation 
between the apparent Ea and DTG peak values. For the second mass loss regime (2nd 
DTG peak), there is no increase in apparent Ea as BSG concentration increases. Figure 37 
shows that the second peak decreases significantly from pure BSG to 50:50 blend, and it 
appears that a limiting value for apparent Ea is reached between the 50:50 and 90:10 
blend of IllNo6:BSG. This is an additive nature. Similar observations are made for 
pyrolysis of other fuels, such as CBS, PC, and their blends (Figure 39).
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Figure 36. DTG peak versus apparent Ea for pyrolysis of (left to right) IllNo6 :BSG 90:10, 80:20, 50:50, 
and BSG for the first mass loss regime / DTG peak.











Figure 37. DTG peak versus apparent Ea for pyrolysis of (left to right) IllNo6 :BSG 90:10, 80:20, 50:50, 
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Figure 38. DTG peak versus apparent Ea for pyrolysis of (left to right) IllNo6 :BSG 50:50, 80:20, 90:10, 
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Figure 39. DTG peak versus apparent Ea for pyrolysis of (left to right) PC:CBS 90:10, 80:20, 50:50, and 
PC for the 1st, 2nd, 3rd and 4dl mass loss regimes / DTG peak, and (left to right) PC:CBS 50:50, 80:20,90:10 
for the 5th mass loss regime / DTG peak.
Idris et al. (2010) determined that, for the co-pyrolysis of coal and palm biomass, 
non-synergistic effects are verified by a linear correlation between volatile matter 
released and percentage of biomass in the blends. Here there are also correlations 
observed between DTG peak and biomass percent in the blends. Figure 40 illustrates this 
for pyrolysis of PA and VC and their blends with BSG and CBS. Clearly, there is a linear
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correlation for each coal and biomass blend for DTG peak versus coal weight percent. As 
coal concentration increases in the blend, the maximum rate of devolatilization for coal 
increases. This is in relation to the apparent activation energy, which also increases with 
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Figure 40. Relationship between peak mass loss rate (DTG peak) and percent by mass for pyrolysis o f coal 
in coal-biomass blends (50%, 80%, 90%, and 100%) for biomass particle sizes <125 pm.
4.4 GC-MS Results for Pyrolysis of Fuels
Coal and biomass are heterogeneous materials in which many overlapping 
reactions occur at certain temperature ranges during pyrolysis and oxidation (Arenillas et 
al. 1999). There has been much research on determining compound evolution for non- 
oxidative decomposition of these fuels. Arenillas et al. (1999) coupled thermogravimetry 
with mass spectrometry to study the pyrolysis behavior of different rank coals. Azeez et 
al. (2011) studied fast pyrolysis of biomass to determine at what points useful chemicals 
may be obtained for production of green chemicals. They stated that, at low temperature, 
products of holocellulose decomposition consist of water, carbon monoxide, carbon 
dioxide, and other organic products; by contrast, at higher temperature, fragmentation and
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rearrangement reactions occur to form higher order and condensed aromatic 
hydrocarbons (Azeez et al. 2011). Nowakowski & Jones (2008) performed fast pyrolysis 
of biomass to 600 °C and found the following compounds evolved from cellulose 
decomposition: cis-3-oxabicyclo[3.2.0]heptane-2,4-dione, 2-hydroxy-2-cyclopenten-l- 
one, 3,4-dihydroxy-3-cyclobutene-l,2-dione, 2H-pyran-2-one, 2-butene-l,4-diol and 5- 
(hydroxymethyl)-2-furancrboxyldehyde, among other minor peaks. Other compounds 
were identified as degradation compounds of hemicellulose and lignin from fast pyrolysis 
at 600 °C with a residence time of 20 seconds (Nowakowski & Jones, 2008). In this 
study, we determined devolatilized components from the pyrolysis of biomass and coal 
up to a pyrolysis temperature of 900 °C at 100 °C/min. High temperature pyrolysis will 
most likely be reached in co-combustion applications.
Compound evolution was determined for the 60 largest chromatogram peaks (by 
total ion area). Peak area is directly proportional to compound concentration, and the area 
was compared for each compound across each sample. Table 8 lists compound evolutions 
and peak area percent for VC, CBS and their blends pyrolyzed and analyzed by the DSP- 
GC/MS at 100 °C/min to 900 °C. Figure 41 illustrates the corresponding stacked 
chromatographs. Some devolatilized compounds are only present in the coal and blends 
but not in the biomass; in the biomass and blends, but not the coal; only in the biomass; 
only in the coal; or only in the blends. The evolution of some compounds in non-additive 
amounts offers some evidence of synergistic effects. Theobromine, a compound found in 
cocoa, was only present in the top 60 peaks by area in the VC:CBS 50:50 blend and pure 
CBS. It was not detected as anticipated, probably because it was below a detection limit, 
or it had reacted during devolatilizations in the gas phase before reaching the detector in
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the MS. For all samples, the degradation compounds consisted mainly o f aromatics, 
hydrocarbons, hydrocarbons with oxygen, and a minimal amount o f nitrogen, most o f 
them combustible compounds. These compounds were found because pyrolysis is the 
first step in the combustion process. There are certain hydrocarbons that should be 
maximized. This concept is based on factors such as whether or not the hydrocarbons 
contain nitrogen and/or sulfur and double bonds, which would lead to a higher heating 
value for combustion. For example, from Table 8, high molecular weight hydrocarbons 
such as 2-tert-butyl-l-phenylnaphthalene, 1-heptacosanol, and tetratetracontane are found 
in both the coal and blends, with a slight concentration decrease of these hydrocarbons 
with decreasing coal content in the blends. Pyrolysis products detected by Nowakowski 
& Jones (2008) and found in Table 8 include: phenol from cellulose and lignin 
decomposition; Phenol, 2-methoxy- from lignin decomposition; and 2-Methoxy-4- 
vinylphenol from hemicellulose and Guaiacol lignin decomposition. Stacked GC-MS 
chromatographs and tables for compound evolution for pyrolysis o f other fuels may be 
found in the appendix.
Table 8. DSP-GC/MS peak assignments for pyrolysis of VC (100:0), VC:CBS (90:10, 80:20, and 
50:50), and CBS (0:100) at 100 °C/min to 900 °C.____________________________________
Name of compound Formula MW Area %
1 0 0 : 0 90:10 80:20 50:50 0 : 1 0 0
Carbon dioxide C 0 2 44.01 - - - - 0.53
2(5H)-Furanone C4H4 O2 84.07 - - - - 0.27
6-Oxa-bicyclo[3.1,0]hexan-3-one - - - - 1.63
2,5-Furandione, 3-methyl- C jH A 112.08 - - - - 0.24
Phenol QHfiO 94.11 - - - - 1.52
1-Decene c 10h 2o 140.27 1.05 0.76 0.89 0.35 -
Phenol, 2-methyl- c 7h 8o 108.14 1.62 2.41 2.24 1.49 1.29
1-Undecyne c „ h 2o 152.28 - - - - 1.17
1-Undecene ChH 22 154.29 1.29 2.19 2 . 0 2 1.3 -
Undecane c „ h 24 156.31 2 . 8 8 1.82 1.62 0.87 0.3
Ethoxy(methoxy)methylsilane - - - - 1.14
4-Methyl-.beta.-methyl-.beta.-
nitrostyrene CioHhN0 2




Name of compound Formula
1 0 0 : 0 90:10 80:20 50:50 0 : 1 0
Phenol, 2-methoxy- c 7h 8o 2 124.14 - - - - 0.59
Phenol, 4-methyl- c 7h 8o 108.14 - - - - 1.38
Cyclopropyl carbinol C4H80 72.11 - - - - 2.47
5-Hydroxy-2-methyl-hex-3-enoic acid - - - - 1.13
Benzene, (3-methylbutyl)- c „ h I6 148.24 - - - - 0.63
T etracyclo[5.3.0.0<2,6>.0<3,10>]deca- C,oH10 130.08 0.444,8-diene
Phenol, 2,5-dimethyl- C8Hi0O 122.16 2.44 - - - 0.62
1-Dodecene C 12H24 168.32 2.46 1.51 1.38 0.94 -
Phenol, 2,6-dimethyl- C8H1bO 122.16 0.89 - - - -
Hexadecane Ci6H32 224.43 3.7 - - - -
Phenol, 2,3,6-trimethyl- C9H 120 136.19 0.61 - - - -
Phenol, 2-(l-methylethyl)-, C „H 15N02 193.24 0.54methylcarbamate
Phenol, 2,3,-dimethyl- C8H,oO 122.16 - - 0 . 6 6 - -
Phenol, 3,4-dimethyl- 
,methylcarbamate C 10H 13NO2 179.22 - - - 0.47 -
Dodecane c , 2H26 170.33 - 2.51 2.99 2.17 0.61
Phenol, 2-methoxy-4-methyl- C8Hl0O2 138.16 - - - - 0.77
1,4:3,6-Dianhydro-.alpha.-d- C6H8o 4 144.13 0.45glucopyranose
Sucrose C12H220 U 342.3 - - - - 0.48
Isosorbide C6H 10O4 146.14 - - - - 0.99
T etrahydrofuran-5-on-2-methanol,
.alpha.-[.alpha.-methoxy- - - - - 0.53
(tetrahydrofuran-5-on-2-ylmethoxy)]-
Oxiranemethanol, 2-phenyl- - - - - 0.92
1 -Tridecene C,3H26 182.35 2 . 1 1 1.48 1.34 0.85 0.33
2-Octene, 2,6-dimethyl C10H20 140.27 - - 0.32 - -
Tridecane, 7-methylene- Ci4H28 196.37 - 0.41 - - -
Cycloundecane, 1,1,2-trimethyl- 0.33 - - - -
Naphthalene, 2-methyl- C„H 10 142.2 0.53 - - - -
1 -Tetradecene c I4h 28 196.37 1.65 1.57 1.49 1.17 -
Tetradecane C14H30 198.39 5.94 8.42 10.34 4.54 0.83
Naphthalene, 1-methyl- CnHio 142.2 - - - 0.47 0.27
Indole c 8h 7n 117.15 - - - 0.35 0.35
2-Methoxy-4-vinylphenol C9H 10O2 150.17 - - - - 0.45
lH-Indole, 3-methyl- C9H9N 131.17 - - - - 0.26
Benzene, eicosyl- C26H 46 358.64 - - - - 0.25
7-Tetradecene c 14H28 196.37 - - - 0.32 -
Naphthalene, 1,3-dimethyl- C12H ,2 156.22 - 0.52 0.99 - -
Naphthalene, 2,3-dimethyl- C 12H 12 156.22 0 . 6 - - - -
Naphthalene, 2,6-dimethyl- C12H 12 156.22 0.45 0 . 8 - - -
Naphthalene, 2,3,6-trimethyl- C 13H 14 170.25 - 0 . 8 8 0.69 - -
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Table 8. (Continued)
Name of compound Formula MW -
Area %
1 0 0 : 0 90:10 80:20 50:50 0 : 1 0 0
Dodecane, 4,6-dimethyl- Q 4H30 198.39 0.69 0.57 0.51 - -
Dodecane, 2,7,10-trimethyl- C15H32 212.26 - 0.18 - - -
Dodecane, 2,6,10-trimethyl C15H32 212.41 - - 0 . 2 1 - -
1-Pentadecene C 15H30 210.4 3.12 1.72 2.96 0.72 0.42
3 -(2-Methyl-propenyl)-1 H-indene 0.47 0.34 0.26 - -
Toluene-4-sulfonic acid, 2,7-
dioxatricyclo[4.3.1.0(3,8)]dec-10-yl - - - 0.46 -
ester
Pentadecane, 2,6,10,14-tetramethyl- C19H40 268.52 0.27 1.73 1.48 0.92 -
1-Heptadecene C 17H34 238.45 4.61 5.32 5.01 3.64 -
Heptadecane C 17H36 240.47 6.51 4.43 4.22 3.8 0.97
Furaldehyde phenylhydrazone CnH 10N2O 186.21 - - - - 0.34
Benzene, (1-methylundecyl)- C 18H30 246.24 - - - - 0 . 2 1
Hexadecane, 2,6,10,14-tetramethyl- C20H42 282.55 1.46 - - - -
1-Dodecanol, 3,7,11-trimethyl- c 15H32o 228.41 0.62 - - - -
3-Octadecene, (E)- Ci8H36 252.29 - 0.55 0.52 0.39 -
Azulene, 7-ethyl-1,4-dimethyl- Cl4H)6 184.28 0.43 0.4 - - -
1-Nonadecene c 19h 38 266.51 5.88 1 0 . 8 9.19 7.31 -
Nonadecane C19H40 268.52 - 2.17 1.93 - 0.55
n-Hexadecanoic acid Q 5H32O2 256.42 - 1.85 5.83 12.9 -
Heneicosane C21H44 296.57 25.56 24.36 23.27 17.07 -
n-Pentadecanol C 15H32O 228.41 0.25 - 0 . 2 - -
1-Eicosene C20H40 280.53 - - 0.32 - -
9-Eicosene, (E)- C20H40 280.53 0 . 2 2 2.92 - 0 . 8 6 -
9-Tricosene, (Z)- C23H4 6 322.61 - 0.4 - -
Theobromine C7H8N4O2 180.16 - - - 1.42 4.88
Oleic acid C18H34O2 282.46 - - - 6.92 1.77
Cyclopentadecane C 15H30 210.4 - - - 0.53 -
Hexadecanamide C 16H33NO 255.44 - - - 0.51 0.9
Hexadecane, 1,16-dichloro- - 0.36 - - -
Oleyl alcohol, trifluoroacetate - - - 1.23 -
1,2-Oxathiane, 6 -dodecyl-, 2,2- 0.94dioxide
1 -Octadecene C,8H36 252.48 - - 0.18 - -
Octadecanoic acid Ci8H3602 284.48 - 0.6 3.61 8.32 2.42
Octadecanoic acid, 2-propenyl ester - 1 1.81 3.71 0.85
Heptadecanenitrile c I7H33n 251.45 - - - - 0.2
3-Hexadecanol C16H340 242.44 - - - - 0.35
Octadecanamide C,8H37NO 283.49 - - - - 0.23
6 -Octadecenoic acid, (Z)- C18H3402 282.46 - - 1.31 - -
Octadecane, 1-chloro- C18H37C1 288.94 - 2.05 1.82 - -
9-Octadecenoic acid, 1,2,3- 
propanetriyl ester, (E,E,E)-
- - 0.91 - 0.6
82
Table 8. (Continued)
Name of compound Formula MW -
Area %
1 0 0 : 0 90:10 80:20 50:50 0 : 1 0 0
n-Nonadecanol-1 C19H4 0O 284.52 2.23 - - - -
Behenic alcohol C22H460 326.6 3.66 1.96 2.98 2.08 -
2-tert-Butyl-1 -phenylnaphthalene 1.25 1.17 0.97 0.56 -
1-Heptacosanol C2 7H5 6 0 396.73 1.59 1.69 - 0.9 -
T etratetracontane C44H9 0 619.19 11.19 8.15 7.09 0.64 -
Cholest-5-en-3-ol (3.beta.)- 
,carbonochloridate
c 28h 3 5c io 2 449.11 - - - 0.63 0.87
Trispirof4.2.4.2.4.2.]heneicosane 0.42 - - - -
£----------- ^ ^ ^ m -----------------------------------------------------------w% -----------j j j ------------fa -------------------------------------- T% ---- ^ -----------g j ----------- 3 3 -----------K -----------m ----------
Figure 41. Intensity versus time (min) stacked chromatograph for VC (black), VC:CBS 90:10 (pink), 
VC:CBS 50:50 (blue), and CBS (brown) pyrolyzed at 100 °C/min to 900 °C.
Optimum blend ratios of coal and biomass mixtures may be determined by a 
specific reduction of unwanted species, such as phenols. The concentration of 
combustible hydrocarbons must also be considered and based on the concentration o f 
coal; a decrease may negatively impact the extent of fuel combustion. In terms of 
pyrolysis, the total mass loss of material was investigated. Table 9 lists these values for 
VC:CBS, PA:CBS, and PA:BSG blends. It can be noted from Table 9 that, as the 
biomass concentration in the blends increases, so does the total mass loss fraction. The 
more mass lost from pyrolysis, the less material (char) remaining. Pure biomass has a 
very large mass loss because of the higher amounts of volatile components present.
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During the combustion process, the pyrolysis step yields a higher amount of volatiles (for 
a higher biomass concentration) that would then combust in the gas phase rather than in 
the char.
The overall oxidation mass loss for those fuels is listed in Table 10. It is noted 
that the total mass loss fraction from oxidation of the fuels increases with increasing 
biomass in the blends; the volatile matter released is not suppressed with increasing 
biomass content. It is evident that the 50:50 blends result in a larger mass loss fraction 
(this does not imply that the remaining material decreases with increasing biomass 
content; it only signifies that the larger amounts o f volatiles present from the biomass are 
devolatilized and oxidized). This is associated with high apparent Ea’s for thermal 
degradation of biomass at lower temperature regimes.
Table 9. Total mass loss % for pyrolysis of fuels at 100 K/min, biomass particle sizes <125 pm.
_________________ % o f  total mass loss_________________
Fuel blend 0:100 50:50 80:20 90:10 100:0
VC:CBS 65.9 50.0 40.6 37.8 32.4
PA:CBS 65.9 49.6 40.0 36.6 35.3
PA:BSG 73.8 55.3 42.3 38.3 35.3
Table 10. Total mass loss % for oxidation of fuels at 100 K/min, biomass particle sizes <125 pm
% o f total mass loss
Fuel blend 0:100 50:50 80:20 90:10 100:0
VC:CBS 88.6 79.0 78.4 77.0 74.6
PA:CBS 88.6 79.2 80.6 82.5 87.4




Rapid fossil fuel consumption in this country can be mitigated by the increased use of 
locally sourced biomass wastes in combination with domestic coal for co-combustion. 
Biomass has negligible sulfur content, which is an important difference from the high 
level of sulfur present in most coals mined on the East Coast o f the United States. 
Biomass is also carbon neutral. This means that, when biomass is burned, the carbon 
released is only the amount that was captured during the plant’s relatively short life cycle. 
This stands in opposition to the large amount of carbon released when burning coal, 
which has been in reserves for millions of years (Sims, Hastings, Schlamadinger, Taylor, 
& Smith, 2006). The larger amounts of oxygen and hydrogen atoms to carbon atoms in 
biomass, compared to those found in coal, provide a lower heating value from an increase 
in reactivity. When biomass is left as waste, moisture present causes anaerobic digestion, 
which leads to the production of methane, a major component in greenhouse gases. The 
advantages of using biomass, therefore, are multi-fold: carbon footprints as well as 
greenhouse gas emissions are decreased; the efficiency of power plants increase; and 
waste disposal is minimized, which lessens the volume o f landfills and appeases its 
environmental constraints (Vuthaluru, 2003).
For this study, pyrolysis and oxidation was performed on three different coals 
(Illinois No. 6, Venezuelan, and Pennsylvanian), three different types of biomass 
(brewer’s spent grains, cocoa bean shells, and feed com stover), and the coalrbiomass
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blends (50:50, 80:20, and 90:10 by mass), with two biomass particle sizes (<125 and 250- 
300 pm) and three heating rates (10, 50, and 100 K/min) to determine the presence o f any 
heat/mass transport limitations, which would “void” kinetically controlled reactions. It 
was found that there were in fact, slight transport limitations when comparing the two 
particle sizes, and very strong dependency on rate o f heat transfer, so that rates o f 
reactions were mass and heat transfer diffusion limited. Although the apparent activation 
energies were determined for the pyrolysis and oxidation of the fuels assuming first order 
reactions, it would be highly recommended to investigate influences using smaller 
biomass particle sizes and lower heating rates. It would be expected to see less heat and 
mass diffusion limitations since the isotropic nature of the biomass particle would be 
increased.
Steps could also be taken to determine the Biot number. From equation (1), the 
effective heat transfer coefficient, the conductivity, and the particle characteristic length 
would have to be known. The characteristic length could be determined using scanning 
electron microscope (SEM), where a length scale is provided to measure the length of a 
small particle (or an estimation using the fraction size collected from the sieve). Equation 
(2) would be necessary to determine h, from which the temperatures can be measured 
using a thermocouple, and emissivity can be measured using infrared camera technology. 
An estimated value for conductivity could be obtained as described by Prakash & 
Karunanithi (2009).
In regards to incorporation into a coal-fired power plant, smaller biomass particle 
sizes would provide a higher surface area for efficient combustion of the particles due 
kinetically controlled mechanisms; also, perhaps determining the calorific value of these
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waste biomass sources and their different blend ratios with coal would be useful to know. 
This current study provides an understanding for limitations observed based on different 
particle sizes (<125 and 250-300 pm) and heating rates (10, 50, and 100 K/min).
It was found that the pyrolysis of biomass at 250-300 pm compared to <125pm 
particle size, devolatilization stages were not greatly impacted, except for the fourth 
component in CBS. Oxidation of fuels occurred in two main stages: devolatilization and 
oxidation of volatiles, and oxidation of the remaining char. Oxidation of biomass char led 
to spontaneous DTG profiles from which further investigations are needed to determine 
the cause. For oxidation of the samples, there was no impact of particle size during the 
devolatilization stage, but differences were very noticeable during char oxidation. The 
very slight changes in maximum rates of devolatilization imply there are slight transport 
limitations with larger particle size. For future recommendations, it would be suggested 
to compare devolatilizations with a particle smaller than < 125 pm by an order of 
magnitude.
Heat transport limitations on pyrolysis and oxidation of biomass were investigated by 
applying a series of different heating rates. An increase in heating rate caused an increase 
in onset temperature for pyrolysis and oxidation of fuels, and an increase in maximum 
devolatilization rates. This indicated a high dependence on the rate of heat transfer for 
biomass pyrolysis. It would be suggested that pyrolysis be examined at much lower 
heating rates (<10 K/min) to determine if  there are heat transfer limitations there. Char 
yields were expected to increase with increasing heating rate since a low heating rate 
causes the transfer of heat to be gradual and more effective; however, results did not 
show this expected trend.
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Apparent Ea values for pyrolysis of biomass with two different particle sizes and three 
different heating rates were not greatly impacted, except for the mid-temperature fraction 
of BSG where there was a 66% increase at a low heating rate (10 K/min); for pyrolysis o f 
CBS, there were no large changes in apparent Ea values except at the highest temperature 
fraction (626-701 K) where apparent Ea either increased or decreased; there were no 
significant changes in apparent Ea values for pyrolysis o f CS using different particle sizes 
and heating rates. For pyrolysis of most fuels (including coal, and different blend ratios o f 
biomass with coal), apparent Ea generally decreases as heating rate increases. For 
oxidation of BSG, the apparent Ea decreased during devolatilization and increased during 
char oxidation as heating rate decreased. For oxidation of coal-biomass blends, apparent 
Ea decreases with decreasing heating rate for both stages of. As an overall observation, 
there is a lack of expected trends for the effect of heating rate on apparent Ea for 
oxidation of fuels, since results varied widely from sample to sample, especially during 
the char oxidation stage; this could be due to the heat transfer limitations leading to lack 
of kinetic control.
When blending coal with biomass, DTG curves for pyrolysis o f the fuels indicate that 
maximum rate of weight loss increases at low temperatures as biomass concentration 
increases, while maximum rate of weight loss increases at high temperature as coal 
concentration increases. For pyrolysis of biomass, the DTG peaks and corresponding 
apparent activation energies were attributed to the devolatilization/decomposition of the 
main lignocellulosic components present (cellulose, hemicellulose, and lignin). For 
oxidation of blends of coal and biomass, additive nature is based on the apparent Ea 
values, which decrease during the first stage o f oxidation as biomass concentration
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decreases, and increase during the second stage of oxidation as coal concentration 
increases. Oxidation and pyrolysis of coal blended with biomass, overall, resulted in an 
additive nature based on the DTG profiles. But from GC-MS data, synergy is suggested 
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APPENDIX
A .l Derivative Thermogravimetric (DTG) Curves for Pyrolysis of Fuels
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Figure A.l-1. DTG curve for the pyrolysis of BSG (<125 pm), IIIN0 . 6  coal (<44 pm), and their blends 
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Figure A.I-2. DTG curve for the pyrolysis of BSG (250-300 pm), IIIN0 . 6  coal (<44 pm), and their blends 






UlNo6 :BSG 50:50 
IllNo6 :BSG 80:20 
IllNo6 :BSG 90:10 









Figure A.l-3. DTG curve for the pyrolysis of BSG (<125 pm), IllNo.6 coal (<44 pm), and their blends 
with a heating rate of 50 °C/min to 900 °C.
0.008 —• — BSG
—B—IUNo6 :BSG 50:50 
— IllNo6 :BSG 80:20 
—*— IlINo6 :BSG 90:10 










410 510 610 710 
T, K
810 910 1010
Figure A.l-4. DTG curve for the pyrolysis of BSG (250-300 pm), IllNo.6 coal (<44 pm), and their blends 
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Figure A.l-5. DTG curve for the pyrolysis of BSG (<125 pm), IllNo.6 coal (<44 pm), and their blends 
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Figure A.l-6. DTG curve for the pyrolysis of BSG (250-300 pm), IllNo.6 coal (<44 pm), and their blends 
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Figure A.l-7. DTG curve for the pyrolysis of CBS (<125 pm), IllNo.6 coal (<44 pm), and their blends 
with a heating rate of 100 °C/min to 900 °C.
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Figure A.l-8. DTG curve for the pyrolysis of CBS (250-300 pm), IllNo.6 coal (<44 pm), and their blends 
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Figure A.l-9. DTG curve for the pyrolysis of CBS (<125 pm), IllNo.6 coal (<44 pm), and their blends 
with a heating rate of 50 °C/min to 900 °C.
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Figure A.l-10. DTG curve for the pyrolysis o f CBS (250-300 pm), IllNo.6 coal (<44 pm), and their blends 
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Figure A.l-11. DTG curve for the pyrolysis of CBS (<125 pm), IllNo.6 coal (<44 pm), and their 
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Figure A.l-12. DTG curve for the pyrolysis of CBS (250-300 pm), IllNo.6 coal (<44 pm), and 
their blends with a heating rate of 10 °C/min to 900 °C.
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Figure A.l-13. DTG curve for the pyrolysis of CS (<125 pm), IllNo.6 coal (<44 pm), and their 
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Figure A.l-13. DTG curve for the pyrolysis of BSG (<125 pm), PA coal (<125 pm), and their blends with 
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Figure A.l-14. DTG curve for the pyrolysis of BSG (250-300 pm), PA coal (<125 pm), and their blends 
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Figure A.l-15. DTG curve for the pyrolysis of BSG (<125 pm), PA coal (<125 pm), and their blends with 
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Figure A.l-16. DTG curve for the pyrolysis of BSG (<125 pm), PA coal (<125 pm), and their blends with 
a heating rate of 10 °C/min to 900 °C.
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Figure A.l-17. DTG curve for the pyrolysis of CBS (<125 pm), PA coal (<125 pm), and their blends with 

















1100400 500 600 700 800 900 1000
T, K
Figure A.l-18. DTG curve for the pyrolysis of CBS (250-300 pm), PA coal (<125 pm), and their blends 
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Figure A.l-19. DTG curve for the pyrolysis of CBS (<125 pm), PA coal (<125 pm), and their blends with 
a heating rate of 50 °C/min to 900 °C.
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Figure A.l-20. DTG curve for the pyrolysis o f CBS (250-300 pm), PA coal (<125 pm), and their blends 
















Figure A.l-21. DTG curve for the pyrolysis of CBS (<125 pm), PA coal (<125 pm), and their blends with 
a heating rate of 10 °C/min to 900 °C.
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Figure A.l-22. DTG curve for the pyrolysis of CBS (250-300 pm), PA coal (<125 pm), and their blends 















Figure A.l-23. DTG curve for the pyrolysis of BSG (<125 pm), Ven coal (<125 pm), and their blends with 
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Figure A.l-24. DTG curve for the pyrolysis of BSG (250-300 pm), Ven coal (<125 pm), and their blends 
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Figure A.l-25. DTG curve for the pyrolysis of BSG (<125 pm), Ven coal (<125 pm), and their blends with 
















Figure A.l-26. DTG curve for the pyrolysis of BSG (<125 pm), Ven coal (<125 pm), and their blends with 
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Figure A.l-27. DTG curve for the pyrolysis of CBS (<125 pm), Ven coal (<125 pm), and their blends with 
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Figure A.l-28. DTG curve for the pyrolysis of CBS (<125 pm), Ven coal (<125 pm), and their blends with 
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Figure A.l-29. DTG curve for the pyrolysis of CBS (<125 pm), Ven coal (<125 pm), and their blends with 
a heating rate of 10 °C/min to 900 °C.
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A.2 Derivative Thermogravimetric (DTG) Curves for Oxidation of Fuels
oHO
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Figure A.2-1. DTG curve for the oxidation of BSG (<125 nm), IllNo.6 coal (<44 jim), and their blends 
with a heating rate of 100 °C/min to 900 °C.
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Figure A.2-2. DTG curve for the oxidation of BSG (250-300 nm), IllNo.6 coal (<44 (ira), and their blends 
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Figure A.2-3. DTG curve for the oxidation of BSG (<125 tun), IIIN0 . 6  coal (<44 tun), and their blends 
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Figure A.2-4. DTG curve for the oxidation of BSG (250-300 tun), IIIN0 . 6  coal (<44 tun), and their blends 
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Figure A.2-5. DTG curve for the oxidation of BSG (<125 jim), IIIN0 . 6  coal (<44 |im), and their blends 
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Figure A.2-6. DTG curve for the oxidation of BSG (250-300 nm), IIIN0 . 6  coal (<44 (rm), and their blends 
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Figure A.2-7. DTG curve for the oxidation of CBS (<125 nm), IIIN0 . 6  coal (<44 tun), and their blends 
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Figure A.2-8. DTG curve for the oxidation of CBS (<125 tun), IHN0 . 6  coal (<44 tun), and their blends 
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Figure A.2-9. DTG curve for the oxidation of BSG (<125 |xm), PA coal (<125 jim), and their blends with a 



















Figure A.2-10. DTG curve for the oxidation of BSG (250-300 (im), PA coal (<125 (am), and their blends 
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Figure A.2-11. DTG curve for the oxidation of BSG (<125 |im), PA coal (<125 ftm), and their blends with 
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Figure A.2-12. DTG curve for the oxidation of BSG (<125 |im), PA coal (<125 nm), and their blends with 
















Figure A.2-13. DTG curve for the oxidation of CBS (<125 nm), PA coal (<125 |rm), and their blends with 
a heating rate of 100 °C/min to 900 °C.
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Figure A.2-14. DTG curve for the oxidation of CBS (<125 (im), PA coal (<125 itm), and their 
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Figure A.2-15. DTG curve for the oxidation o f BSG (<125 (im), Ven coal (<125 nm), and their blends 
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Figure A.2-16. DTG curve for the oxidation of BSG (<125 jim), Ven coal (<125 (im), and their blends 
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Figure A.2-17. DTG curve for the oxidation of BSG (<125 |rm), Ven coal (<125 jun), and their blends 
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Figure A.2-18. DTG curve for the oxidation of CBS (<125 jim), Ven coal (<125 (im), and their blends 
with a heating rate of 100 °C/min to 900 °C.
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A.3 Apparent Activation Energy (Ea) and Temperature Regime Values for Pyrolysis 
of Fuels
Table A3-1. Onset and endset temperatures, apparent Ea, and mass loss fractions for pyrolysis of BSG at
100,50, and 10 K/min.
Onset 1 Endset 1 Slope 1 Ea 1 St dev Mass Loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/tnol) (%)
BSG <125um-l 546.4 586.2 13890 115.48 ± 2.04 13.959
lOOK/min <125um-2 545.0 588.2 13773.0 114.51 ± 1.78 16.033
N2 flow <125um-3 552.5 587.2 14480.0 120.39 ± 1 . 2 2 15.606
<125um Avg 548.0 587.2 14047.7 116.8 ± 3.15 15.199 ± 1.095
250-300um-l 549.5 581.4 17139 142.49 ± 1.85 12.448
250-300um-2 535.3 576.0 15142.0 125.89 ± 2.50 12.717
250-300um-3 537.6 584.8 15960.0 132.69 ± 2.23 15.873
250-300um Avg 540.8 580.7 16080.3 133.7 ± 8.35 13.679 ± 1.905
BSG <125um-l 543.5 586.5 13862 115.25 ± 1.14 2 2 . 0 2 1
SOK/min < 1 2 Sum- 2 537.6 584.8 13595.0 113.03 ± 1.14 20.822
N2 flow <125um-3 536.2 584.5 13537.0 112.55 ± 1 . 1 2 19.473
<125um Avg 539.1 585.3 13664.7 113.6 ± 1.44 20.772 ± 1.275
250-300um-l 538.2 582.8 13720 114.07 ± 1.13 17.617
250-300um-2 534.8 582.8 13346 110.96 ± 1.25 18.412
250-300um-3 535.9 583.1 13531 112.50 ± 1.16 18.915
250-300um Avg 536.3 582.9 13532.3 112.5 ± 1.55 18.315 ± 0.655
BSG <125um-l 526.3 561.8 14421.0 119.90 ± 0.64 16.446
10 K/min <125um-2 531.9 565.0 14185.0 117.93 ± 0.76 18.100
N2 flow <125um-3 526.3 561.8 14255.0 118.52 ± 0.61 16.468
<125um Avg 528.2 562.9 14287.0 118.8 ± 1.01 17.005 dt 0.949
250-300um-l 526.3 555.6 18552 154.24 ± 0.75 12.427
250-300um-2 520.8 558.7 17867.0 148.55 ± 0.75 15.895
250-300um-3 523.6 558.7 18481.0 153.65 ± 0.63 15.013














BSG <125um-l 625.4 651.5 5478.6 45.55 ± 0.82 14.918
1 OOK/min <125um-2 624.2 651.9 5363.1 44.59 ± 0.91 15.873
N2 flow <125um-3 625.0 649.4 5577.5 46.37 ± 0.99 13.960
<125um Avg 624.9 650.9 5473.1 45.5 ± 0.89 14.917 ± 0.957
250-300um-l 628.9 653.6 5100.9 42.41 ± 0.73 12.890
250-300um-2 621.1 650.2 5239.4 43.56 ± 0.89 14.966
250-300um-3 626.6 649.4 5113.6 42.51 ± 0.64 12.132
250-300um Avg 625.5 651.0 5151.3 42.8 ± 0.64 13.329 ± 1.467
BSG <125um-l 620.7 645.6 6919.9 57.53 ± 1 . 1 1 7.278
SOK/min <125um-2 620.3 646.4 6885.4 57.25 ± 1.05 15.701
N2 flow <125um-3 620.3 646.8 6695.5 55.67 ± 0.94 15.662
<125um Avg 620.5 646.3 6833.6 56.8 ± 1.00 12.880 ± 4.852
250-300um-l 625.0 645.2 7211.6 59.96 ± 0.99 12.173
250-300um-2 621.1 645.2 7012.5 58.30 ± 1 . 1 0 14.691
250-300um-3 620.3 645.6 6721 55.88 ± 0.99 15.150
250-300um Avg 622.2 645.3 6981.7 58.0 ± 2.05 14.005 ± 1.603
BSG <125um-l 606.1 626.6 8634.2 71.78 ± 1.36 12.633
lOK/min <125um-2 606.9 626.2 9599.9 79.81 ± 1.06 11.943
N2 flow <125um-3 606.1 628.9 9295.2 77.28 ± 1 . 0 1 14.017
<125um Avg 606.4 627.2 9176.4 76.3 ± 4.10 12.864 ± 1.056
250-300um-l 609.8 625.0 14376 119.52 ± 1.85 9.017
250-300um-2 609.8 628.9 14951.0 124.30 ± 2 . 0 2 11.786
250-300um-3 609.8 628.9 16183.0 134.55 ± 1.82 12.363
250-300um Avg 609.8 627.6 15170.0 126.1 ± 7.68 11.056 ± 1.788
Onset 3 Endset 3 m3 Ea 3 Error Mass Loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
BSG <125um-l 697.4 731.0 2213 18.40 ± 1.29 6.430
1 OOK/min <125um-2 694.9 729.9 2064.9 17.17 ± 1.24 6.926
N2 flow <125um-3 695.4 733.7 1920.0 15.96 ± 1.34 7.366
<125um Avg 695.9 731.5 2066.0 17.2 ± 1.22 6.907 ± 0.468
250-300um-l 689.7 719.4 4575.9 38.04 ± 1.14 7.623
250-300um-2 691.1 717.9 4650.3 38.66 ± 0.89 6.357
250-300um-3 689.7 716.8 4681.6 38.92 ± 1 . 1 0 6.795
250-300um Avg 690.1 718.0 4635.9 38.5 ± 0.45 6.925 ± 0.643
BSG <125um-l 6 8 8 . 2 724.6 3469.6 28.85 ± 0.48 4.779
50K/min <125um-2 646.8 727.3 3292.9 27.38 ± 0.56 22.455
N2 flow <125um-3 686.3 724.6 3376.0 28.07 ± 0.56 7.476
<125um Avg 673.8 725.5 3379.5 28.1 ± 0.73 11.570 ± 9.522
250-300um-l 690.6 724.6 3486.7 28.99 ± 0.49 6.648
250-300um-2 689.7 724.6 3478.3 28.92 ± 0.59 8.687
250-300um-3 689.7 721.5 3545.7 29.48 ± 0.61 6.181
250-300um Avg 690.0 723.6 3503.6 29.1 ± 0.31 7.172 ± 1.333
BSG <125um-l 657.9 704.2 2042.0 16.98 ± 0.72 9.646
lOK/min <125um-2 657.9 709.2 3381.6 28.11 ± 0.81 10.428
N2 flow <125um-3 657.9 706.7 3402.9 28.29 ± 0.85 10.157
<12Sum Avg 657.9 706.7 2942.2 24.5 ± 6.48 10.077 ± 0.397
250-300um-l 657.9 686.3 2266.1 18.84 ± 0.91 5.412
250-300um-2 659.6 687.8 2784.5 23.15 ± 0.91 5.581
250-300um-3 659.6 689.7 2482.7 20.64 ± 0 . 8 6 5.614
250-300um Avg 659.1 687.9 2511.1 20.9 ± 2.16 5.536 ± 0.108
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Table A.3-2. Onset and endset temperatures, apparent Ea, and mass loss fractions for pyrolysis of CBS at













CBS <125um-l 451.7 514.7 5614.0 46.67 ± 0.78 8.495
1 OOK/min <125um-2 444.4 512.8 5603.0 46.58 ± 0.83 8.167
N2 flow <125um-3 444.4 509.4 5551.5 46.16 ± 0.84 7.485
<12Sum Avg 446.85 512.30 5589.50 46.47 ± 0.28 8.049 ± 0.515
250-300um-l 451.5 513.9 6587.1 54.77 1.03 8.697
250-300um-2 468.6 515.2 6874.9 57.16 ± 1 . 1 2 8.401
250-300um-3 461.9 511.0 6827.9 56.77 ± 1.33 6.958
250-300um Avg 460.7 513.4 6763.3 56.2 ± 1.28 8.018 ± 0.930
CBS <125um-l 463.8 505.8 6399.9 53.21 ± 0.50 6.167
50K/min <125um-2 461.9 507.6 6451.6 53.64 ± 0.53 6.493
N2 flow <125um-3 462.3 506.8 6443.5 53.57 ± 0.57 6.228
<125um Avg 462.7 506.8 6431.7 53.5 ± 0.23 6.296 ± 0.174
250-300um-l 464.9 505.8 6851.2 56.96 ± 0.72 5.995
250-300um-2 467.9 501.8 7335.7 60.99 ± 0.89 5.052
250-300um-3 469.5 505.1 7363.0 61.22 ± 0.79 5.622
250-300um Avg 467.44 504.21 7183.30 59.72 ± 2.39 5.557 ± 0.475
CBS <125um-l 448.4 489.0 5849.3 48.63 ± 0.34 5.829
lOK/min <125um-2 456.6 487.8 5969.5 49.63 ± 0.51 4.783
N2 flow <125um-3 450.5 492.6 5887.7 48.95 ± 0.40 6.421
<125um Avg 451.83 489.80 5902.17 49.07 ± 0.51 5.678 ± 0.829
250-300um-l 444.4 490.2 6121.0 50.89 ± 0.29 7.056
250-300um-2 438.6 490.2 6089.3 50.63 ± 0.23 7.560
250-300um-3
250-300um Avg 441.52 490.20 6105.15 50.76 ± 0.19 7.308 ± 0.356
Onset 2 Endset 2 m 2 Ea 2 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
CBS <125um-l 519.5 562.7 4077.6 33.90 ± 0.94 13.834
1 OOK/min <125um-2 512.8 569.8 3907.7 32.49 ± 0.78 18.376
N2 flow <125um-3 512.8 565.0 3810.6 31.68 ± 0.75 16.323
<125um Avg 515.04 565.84 3931.97 32.69 ± 1.12 16.177 ± 2.274
250-300um-l 524.9 559.3 5016.0 41.70 ± 1.33 13.314
250-300um-2 527.1 556.5 5266.9 43.79 ± 1.69 11.038
250-300um-3 518.7 556.2 5047.0 41.96 ± 5.67 13.915
250-300um Avg 523.6 557.3 5110.0 42.5 ± 1.14 12.756 ± 1.518
CBS <125um-l 530.2 558.3 5855.5 48.68 ± 0.73 10.027
50K/min <125um-2 526.6 561.8 5367.5 44.63 ± 0.74 12.316
N2 flow <125um-3 529.4 559.6 5676.9 47.20 ± 0.71 11.016
<125um Avg 528.7 559.9 5633.3 46.8 ± 2.05 11.120 ±  1.148
250-300um-l 526.3 552.5 6162.1 51.23 ± 1 . 1 2 10.296
250-300um-2 526.0 551.0 6665.6 55.42 ± 1 . 1 2 1 0 . 0 2 2
250-300um-3 531.9 552.5 6718.9 55.86 ± 1 . 2 1 8.555
250-300um Avg 528.09 551.98 6515.53 54.17 ± 2.55 9.624 ± 0.936
CBS <125um-l 516.0 537.6 6392.9 53.15 ± 0.95 7.673
10 K/min <125um-2 516.3 540.0 6385.9 53.09 ± 0.90 9.071
N2 flow <125um-3 515.5 540.2 6208.8 51.62 ± 0.83 8.949
<125um Avg 515.91 539.28 6329.20 52.62 ± 0.87 8.564 ± 0.774
250-300um-l 515.5 534.8 8523.7 70.87 ± 1.30 8.266
250-300um-2 510.7 535.6 8277.8 68.82 ± 1.09 10.350
250-300um-3 509.4 535.0 7758.4 64.50 ± 1.26 10.504
250-300um Avg 511.87 535.14 8186.63 68.06 ± 3.25 9.707 ±  1.250
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Onset 3 Endset 3 m3 Ea 3 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
CBS <125um-l 588.2 614.3 7452.8 61.96 ± 1.6731 11.733
1 OOK/min <125um-2 588.2 617.3 7417.1 61.67 ± 1.9287 12.713
N2 flow <125um-3 584.8 617.3 7536.0 62.65 ± 1.8894 15.003
<125um Avg 587.09 616.27 7468.63 62.09 ± 0.51 13.149 ± 1.678
250-300um-l 592.1 616.5 9437.8 78.47 ± 1.84 12.135
250-300um-2 585.1 618.4 8007.9 66.58 ± 1.96 15.485
250-300um-3 587.2 616.9 8216.3 68.31 ± 2.07 14.047
2S0-300um Avg 588.1 617.3 8554.0 71.1 ± 6.42 13.889 ± 1.681
CBS <125um-l 583.8 610.9 8668.4 72.07 ± 1.18 13.163
5 OK/m in <125um-2 581.4 611.6 8517.2 70.81 ± 1.23 14.249
N2 flow <125um-3 584.5 610.5 8807.9 73.23 ± 1.15 12.800
<125um Avg 583.2 611.0 8664.5 72.0 ± 1.21 13.404 ±  0.754
250-300um-l 584.8 613.5 9821.6 81.66 ± 1.37 15.036
250-300um-2 582.4 609.0 9898.0 82.29 ± 1.65 13.676
250-300um-3 583.8 610.5 10218.0 84.95 ± 1.44 13.406
250-300um Avg 583.66 611.00 9979.20 82.97 ± 1.75 14.039 ±  0.874
CBS <125um-l 567.2 591.7 9232.5 76.76 ± 1.16 12.728
lOK/min <125um-2 564.3 588.2 8804.7 73.20 ± 0.99 11.760
N2 flow <125um-3 565.0 588.2 8968.4 74.56 ± 1 . 0 0 11.470
<125um Avg 565.51 589.40 9001.87 74.84 ± 1.79 11.986 ± 0.658
250-300um-l 565.0 591.7 9754.1 81.10 ± 1.07 14.420
250-300um-2 565.0 591.7 10096.0 83.94 ± 1 . 1 2 14.572
250-300um-3 561.8 588.2 10166.0 84.52 ± 1.34 13.450
250-300um Avg 563.91 590.56 10005.37 83.18 ± 1.83 14.147 ±  0.609
Onset 4 Endset 4 m4 E a4 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
CBS <125um-l 664.0 702.2 12109.0 100.67 ± 1.84 13.395
1 OOK/min <125um-2 664.5 699.8 11698.0 97.26 ± 2.07 12.633
N2 flow <125um-3 660.9 699.8 9978.2 82.96 ± 1 . 6 8 13.508
<125um Avg 663.13 700.61 11261.73 93.63 ± 9.40 13.179 ± 0.476
250-300um-l 657.9 684.9 6559.4 54.53 ± 1.45 7.041
250-300um-2 659.6 688.7 6483.7 53.91 ± 1.26 7.729
250-300um-3 662.3 6 8 8 . 2 7351.6 61.12 ± 1 . 6 6 6.941
2S0-300um Avg 659.9 687.3 6798.2 56.5 ± 4.00 7.237 ± 0.429
CBS <125um-l 660.1 684.9 14462.0 120.24 ± 2.18 9.431
50K/min <125um-2 660.1 684.9 14699.0 1 2 2 . 2 1 ± 1.82 9.182
N2 flow <125um-3 653.6 689.7 13914.0 115.68 ± 2 . 0 2 13.604
<125um Avg 657.9 686.5 14358.3 119.4 ± 3.35 10.739 ± 2.485
250-300um-l 653.6 682.1 7282.9 60.55 ± 0.87 7.765
250-300um-2 653.6 675.7 8967.2 74.55 ± 1.13 5.976
250-300um-3 653.6 680.3 8889.4 73.91 ± 1 . 1 1 7.551
250-300um Avg 653.59 679J  6 8379.83 69.67 ± 7.90 7.097 ± 0.977
CBS <125um-l 641.4 659.6 14268.0 118.62 ± 1.74 7.933
lOK/min <125um-2 636.9 666.7 13802.0 114.75 ± 1.32 13.052
N2 flow <125um-3 642.3 662.7 15141.0 125.88 ± 1.57 9.393
<12Sum Avg 640.21 663.00 14403.67 119.75 ± 5.65 10.126 ± 2.637
250-300um-l 628.1 649.4 6796.1 56.50 ± 1.33 6.900
250-300um-2 625.0 649.4 6194.1 51.50 ± 1 . 1 1 8 . 0 2 2
250-300um-3 625.0 649.4 7093.7 58.98 ± 1.13 8.098
250-300um Avg 626.05 649.35 6694.63 55.66 ± 3.81 7.673 ± 0.671
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Table A.3-3. Onset and endset temperatures, apparent Ea, and mass loss fractions for pyrolysis of CS at











CS <125um-l 476.2 513.9 5499.1 45.72 ± 1.05
1 OOK/min <125um-2 467.3 512.8 5245.7 43.61 ± 0.82
N2 flow <125um-3 470.1 515.7 5290.2 43.98 ± 0.95
<125um Avg 471.21 514.14 44.44 ± 1.12
250-300um-l 437.8 503.8 4610.0 38.33 ± 0.45
250-300um-2 421.4 507.1 4388.8 36.49 ± 0.32
250-300um-3 424.4 501.8 4597.3 38.22 0.39
250-300um Avg 427.89 504.21 37.68 ± 1.03
CS <125um-l 468.8 504.0 6268.1 52.11 ± 0.60
SOK/min <125um-2 464.5 505.3 6227.9 51.78 ± 0.58
N2 flow <125um-3 467.7 503.0 6296.6 52.35 ± 0.62
<125um Avg 467.01 504.12 52.08 ± 0.29
250-300um-l 447.6 495.8 5916.1 49.19 ± 0.35
250-300um-2 441.5 497.5 5856.8 48.69 ± 0.31
250-300um-3 446.6 496.8 5901.5 49.07 ± 0.31
250-300um Avg 445.25 496.69 48.98 ± 0.26
CS <125um-l 445.2 486.6 6349.6 52.79 ± 0.56
lOK/min <125um-2 433.5 487.8 6785.2 56.41 ± 0.28
N2 flow <125um-3 433.1 483.3 6014.2 50.00 ± 0.47
<125um Avg 437.26 485.92 53.07 ± 3.21
250-300um-l 450.9 484.0 7133.9 59.31 ± 0.59
250-300um-2 435.5 484.0 7965.9 66.23 ± 0.63
250-300um-3 436.1 484.3 7802.3 64.87 ± 0.69











CS <125um-l 534.8 636.9 7512.6 62.46 ± 0.54
1 OOK/min <125um-2 545.3 633.3 7827.6 65.08 ± 0.51
N2 flow <125um-3 533.9 635.7 7603.3 63.21 ± 0.55
<125um Avg 537.97 635.33 63.58 ± 1.35
250-300um-l 533.6 633.3 8346.6 69.39 ± 0.39
250-300um-2 537.1 633.3 8539.1 70.99 ± 0.45
250-300um-3 541.4 632.9 8399.5 69.83 ± 0.38
250-300um Avg 537.36 633.18 70.07 ± 0.83
CS <125um-l 529.7 612.7 7299.7 60.69 ± 0.27
50K/min <125um-2 533.0 615.8 7436.9 61.83 ± 0.28
N2 flow <125um-3 533.0 619.6 7600.4 63.19 ± 0.33
<125um Avg 531.92 616.03 61.90 ± 1.25
250-300um-l 531.1 619.2 8499.9 70.67 ± 0.33
250-300um-2 542.9 631.3 8726.2 72.55 ± 0.31
250-300um-3 538.5 619.6 8692.5 72.27 ± 0.35
250-300um Avg 537.49 623.36 71.83 ± 1.02
CS <125um-l 516.5 604.2 7478.5 62.18 ± 0.23
lOK/min <125um-2 509.4 607.5 7637.1 63.49 ± 0 . 2 0
N2 flow <125um-3 511.5 609.0 7494.5 62.31 ± 0 . 2 1
<125um Avg 512.49 606.93 62.66 ± 0.73
250-300um-l 507.1 609.8 8519.6 70.83 ± 0.17
250-300um-2 511.2 609.8 8657.2 71.98 ± 0.19
250-300um-3 512.0 599.9 8513.6 70.78 ± 0.18












CS <125um-l 698.8 742.9 2 1 1 2 .2 17.56 0.59
1 OOK/min <125um-2 695.9 744.0 2135.3 17.75 ± 0.55
N2 flow <125um-3 695.9 743.5 2148.4 17.86 ± 0.65
<125um Avg 696.87 743.49 17.73 4 : 0.15
250-300um-l 695.9 747.4 1961.3 16.31 ± 0.45
250-300um-2 694.9 746.3 1931.9 16.06 ± 0.46
250-300um-3 696.4 747.9 1952.4 16.23 :b 0.48
250-300um Avg 695.73 747.20 16.20 dt 0.13
CS <125um-l 685.4 735.8 1560.8 12.98 ± 0.36
50K/min <125um-2 686.3 737.5 1828.4 15.20 4 : 0.36
N2 flow <I25um-3 689.2 733.7 1986.0 16.51 ± 0.34
<125um Avg 686.97 735.66 14.90 ± 1.79
250-300um-l 685.4 749.1 1608.5 13.37 ± 0.21
250-300um-2 689.2 744.6 1484.6 12.34 0.25
250-300um-3 685.4 746.8 1552.8 12.91 ± 0.24
250-300um Avg 686.66 746.83 12.88 ± 0.52
CS <125um-l 653.6 695.3 1958.8 16.29 ± 0.26
10K/min <125um-2 655.3 721.0 1574.2 13.09 ± 0.29
N2 flow <125um-3 654.5 724.6 2053.2 17.07 ± 0.27
<125um Avg 654.45 713.64 15.48 4 : 2.11
250-300um-l 651.5 746.3 1020.9 8.49 4 : 0.32
250-300um-2 657.5 750.2 1059.8 8.81 4 : 0.33
250-300um-3 654.0 748.5 1020.1 8.48 4= 0.30
250-300um Avg 654.32 748.32 8.59 4 : 0.19
Table A.3-4. Onset and endset temperatures, apparent Ea, and mass loss fractions for pyrolysis o f Illinois
No. 6 coal at 100, SO, and 10 K/min.
Onset 1 Endset 1 ml Ea 1 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
IIIN0 6  Coal <125um-l 658.3 722.5 11073 92.06 ± 1.37 13.859
1 OOK/min <125um-2 662.3 724.6 10847.0 90.18 ± 1.35 14.200
N2 flow <125um-3 661.4 726.2 11195.0 93.08 ± 1.16 14.729
<125um Avg 660.7 724.5 11038.3 91.77 ± 1.47 14.263 ±  0.438
IIIN0 6  Coal <125um-l
5 OK/m in <125um-2 657.9 724.6 11402.0 94.80 ± 0.64 17.299
N2 flow <125um-3 662.3 717.4 11667 97.00 ± 0.65 13.757
<125um Avg 660.1 721.0 11534.5 95.9 ± 1.56 15.528 ± 2.504
IIIN0 6  Coal <125um-l 645.2 694.4 8398.2 69.82 ± 0.47 8.454
lOK/min <125um-2 636.9 699.3 10149.0 84.38 ± 0.33 13.461
N2 flow <125um-3 636.9 699.3 10636 88.43 ± 0.38 14.031
<125um Avg 639.7 697.7 9727.7 80.9 4 : 9.78 11.982 ± 3.07
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Table A.3-5. Onset and endset temperatures, apparent Ea, and mass loss fractions for pyrolysis of













PA Coal <125um-l 686.3 753.6 16371 136.11 ± 1.60 19.306
1 OOK/min <125um-2 700.3 761.6 19722.0 163.97 ± 3.57 24.074
N2 flow <125um-3 692.5 757.6 17402.0 144.68 ± 2.27 21.411
<125um Avg 693.0 757.6 17831.7 148.3 ± 14.27 21.597 ± 2.389
PA Coal <125um-l 684.9 742.9 17764 147.69 ± 1 . 0 1 18.423
5 0K/m in <125um-2 680.3 745.2 17375.0 144.46 ± 0.95 21.458
N2 flow <125um-3 679.3 742.9 17269 143.57 ± 1.04 19.605
<125um Avg 681.5 743.7 17469.3 145.2 ± 2.17 19.829 ± 1.530
PA Coal <125um-l 663.6 711.7 18710 155.55 ± 0.70 15.522
lOK/min <125um-2 662.3 711.7 17979.0 149.48 ± 0.55 16.793
N2 flow <125um-3 651.0 714.8 17528.0 145.73 ± 0.56 20.136
<125um Avg 659.0 712.8 18072.3 150.3 ± 4.96 17.484 ± 2.383
Table A.3-6. Onset and endset temperatures, apparent Ea, and mass loss fractions for pyrolysis of 













Ven Coal <125um-l 545.3 618.8 2719.6 22.61 ± 0.36 3.447
1 OOK/min <125um-2 549.5 653.6 2401.1 19.96 ± 0 . 2 2 5.183
N2 flow <125um-3 540.5 626.6 2538.1 2 1 . 1 0 ± 0.30 3.840
<125um Avg 545.1 633.0 2552.9 21.2 ± 1.33 4.157 ± 0.910
Ven Coal <125um-l 6 8 6 . 8 751.9 17184 142.87 ± 0.82 7.661
50K/min <125um-2 689.2 747.9 17264.0 143.53 ± 0.89 7.349
N2 flow <125um-3 684.9 746.3 16888 140.41 ± 1.05 7.168
<125um Avg 687.0 748.7 17112.0 142.3 ± 1.65 7.392 ± 0.249
Ven Coal <125um-l 657.9 714.3 15085 125.42 i 0.50 16.826
lOK/min <125um-2 6 6 8 . 0 719.4 15432.0 128.30 ± 0 . 6 6 18.874
N2 flow <125um-3 662.3 716.3 15142.0 125.89 0.59 17.144
<125um Avg 662.7 716.7 15219.7 126.5 ± 1.55 17.614 ± 1.102
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Table A.3-7. Onset and endset temperatures, apparent Ea, and mass loss fractions for pyrolysis of













IlINo6:BSG <125um-l 535.6 587.2 11753 97.71 ± 1.98 12.433
50:50 <125um-2 539.4 584.5 12218.0 101.58 ± 2.19 10.554
1 OOK/min <125iun-3 539.7 584.1 12152.0 101.03 ± 1.97 11.383
N2 flow <125um Avg 538.2 585.3 12041.0 100.1 ± 2.09 11.456 ±  0.942
250-300um-l 549.5 584.8 15548 129.27 ± 1.93 10.723
250-300um-2 545.6 581.4 15730.0 130.78 ± 1.96 8.748
250-300um-3 540.5 582.2 15054.0 125.16 ± 2.74 9.537
250-300um Avg 545.2 582.8 15444.0 128.4 ± 2.91 9.669 ±  1.397
IlLNo6:BSG <125um-l 543.5 588.2 10325 85.84 ± 1.77 8.269
80:20 <125um-2 542.0 574.7 10584.0 88.00 ± 1.89 4.531
1 OOK/min <125um-3 529.1 581.4 9461.5 78.66 ± 1.87 7.529
N2 flow <125um Avg 538.2 581.4 10123.5 84.2 ± 4.89 6.776 ±  2.643
250-300um-l 540.0 582.4 11550 96.03 ± 2.81 6.501
250-300um-2 536.2 582.4 10592.0 88.06 ± 2.35 6.615
250-300um-3 537.6 581.4 11265.0 93.66 ± 2.43 6.867
250-300um Avg 537.9 582.1 11135.7 92.6 ± 4.09 6.661 ±  0.187
IllNo6:BSG <125um-l 540.8 585.8 7875.4 65.48 ± 1.34 5.617
90:10 <125um-2 534.8 585.8 7679.3 63.85 ± 1.16 6.022
1 OOK/min <125um-3 530.8 593.1 7442.4 61.88 ± 1.03 8.015
N2 flow <125um Avg 535.5 588.3 7665.7 63.7 ± 1.80 6.551 ±  1.283
250-300um-l 537.6 588.2 8574.8 71.29 ± 1.49 6.245
250-300um-2 537.9 591.7 7990.2 66.43 ± 1.28 6.912
250-300um-3 ±
250-300um Avg 537.8 590.0 8282.5 68.9 ± 3.44 6.578 ±  0.472
Onset 2 Endset 2 m2 Ea 2 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
IUNo6:BSG <125um-l 621.1 636.9 2572.5 21.39 ± 2.40 6.646
50:50 <125um-2 625.0 649.4 2370.0 19.70 ± 0.66 9.931
1 OOK/min <125um-3 625.8 646.0 1999.9 16.63 ± 0.72 8.319
N2 flow <125um Avg 624.0 644.1 2314.1 19.2 ± 2.41 8.299 ±  1.643
250-300um-l 626.6 652.7 3353.3 27.88 ± 0.93 9.268
250-300um-2 626.6 654.0 3680.8 30.60 ± 0.89 10.198
250-300um-3 627.0 654.9 3292.2 27.37 ± 0.96 10.141
250-300um Avg 626.7 653.9 3442.1 28.6 ± 1.74 9.869 ±  0.658
IllNo6:BSG <125um-l 629.7 648.5 1522.9 12.66 ± 0.80 4.659
80:20 <125um-2 629.7 645.2 1557.6 12.95 ± 0.91 4.234
1 OOK/min <125um-3 628.9 649.4 1472.0 12.24 ± 0.49 5.159
N2 flow <125um Avg 629.5 647.7 1517.5 12.6 ± 0.36 4.684 ± 0.300
250-300um-l 630.5 656.2 2810.2 23.36 ± 0.64 6.579
250-300um-2 625.0 657.9 2218.2 18.44 ± 0.73 7.284
250-300um-3 632.9 657.9 2921.3 24.29 ± 0.60 6.404
250-300um Avg 629.5 657.3 2649.9 22.0 ± 3.14 6.756 ± 0.466
IllNo6:BSG <125um-l 630.1 654.0 1420.1 11.81 ± 0.56 4.289
90:10 <125um-2 629.7 653.6 1543.7 12.83 ± 0.52 4.287
1 OOK/min <125um-3 632.9 657.9 1603.6 13.33 ± 0.34 4.574
N2 flow <125um Avg 630.9 655.2 1522.5 12.7 ± 0.78 4.383 ± 0.165
250-300um-l 632.9 657.9 2417.7 20.10 ± 0.80 4.318
250-300um-2 632.9 666.7 3240.3 26.94 ± 0.78 5.944
250-300um-3 ±
250-300um Avg 632.9 662.3 2829.0 23.5 ± 4.84 5.131 ± 1.150
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Onset 3 Endset 3 m3 Ea 3 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
MNo6:BSG <125um-l 700.8 738.6 5079.3 42.23 ± 0.48 9.274
50:50 <125um-2 698.3 735.3 5051.8 42.00 ± 0.61 8.909
1 OOK/min <125um-3 695.6 735.9 4988.4 41.47 ± 0.51 9.700
N2 flow <125um Avg 698.2 736.6 5039.8 41.9 ± 0.39 9.294 ± 0.396
250-300um-l 694.4 731.0 5969.4 49.63 ± 0.65 4.583
250-300um-2 699.3 732.1 5889.1 48.96 ± 0.75 8.643
250-300um-3 694.4 735.3 5691.3 47.32 ± 1.12 10.807
250-300um Avg 696.1 732.8 5849.9 48.6 ± 1.19 8.011 ± 2.871
111No6:BSG <125um-l 689.7 736.4 7919.6 65.84 ± 0.87 13.113
80:20 <125um-2 687.3 735.3 7951.2 66.11 ± 0.89 14.019
1 OOK/min <125um-3 685.9 737.5 7845.9 65.23 ± 0.88 14.891
N2 flow <125um Avg 687.6 736.4 7905.6 65.7 ± 0.45 14.008 ± 0.641
250-300um-l 689.7 735.3 8178.6 68.00 ± 1.02 13.396
250-300um-2 685.9 740.7 8122.5 67.53 ± 1.32 15.729
250-300um-3 694.4 729.9 8404.4 69.87 ± 1.34 10.163
250-300um Avg 690.0 735.3 8235.2 68.5 ± 1.24 13.096 ± 2.795
IIINo6:BSG <125um-l 682.6 735.3 9265.2 77.03 ± 1.05 15.131
90:10 <125um-2 687.3 736.4 9399.0 78.14 ± 1.15 14.487
1 OOK/min <125um-3 680.7 732.1 9346.4 77.71 ± 1.21 14.395
N2 flow <125um Avg 683.5 734.6 9336.9 77.6 ± 0.56 14.671 0.401
250-300um-l 680.3 735.3 9430.2 78.40 ± 1.14 16.015
250-300um-2 689.7 735.3 9942.5 82.66 ± 1.12 13.672
250-300um-3 ±
250-300um Avg 685.0 735.3 9686.4 80.5 ± 3.01 14.844 ± 1.657
Table A.3-8. Onset and endset temperatures, apparent Ea, and mass loss fractions for pyrolysis of 
IllNo6:BSG 50:50, 80:20, and 90:10 at 50 K/min.________________________________________
Onset 1 Endset 1 m l Ea 1 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
IllNo6:BSG <125um-l 531.9 578.0 12810.0 106.50 ± 1.20 10.966
50:50 <125um-2 531.9 574.7 12573.0 104.53 ± 1.18 10.184
50K/min <125um-3 529.1 574.7 12507.0 103.98 ± 1.44 10.247
N2 flow <125um Avg 531.0 575.8 12630.0 105.01 ± 1.32 10.466 ± 0.435
250-300um-l 540.5 568.2 16000.0 133.02 ± 2.45 6.585
250-300um-2 534.8 571.4 15227.0 126.60 ± 1.64 8.453
250-300um-3 537.6 571.4 15338.0 127.52 ± 1.66 8.178
250-300um Avg 537.6 570.3 15521.7 129.0 ± 3.47 7.739 ± 1.008
IllNo6:BSG <125um-l 529.1 574.7 10602.0 88.15 ± 1.15 7.021
80:20 <125um-2 531.9 574.7 10483.0 87.16 ± 0.89 7.146
50K/min <125um-3 534.8 571.4 10830.0 90.04 ± 1.02 5.772
N2 flow <125um Avg 531.9 573.6 10638.3 88.45 ± 1.47 6.646 ± 0.760
250-300um-l 537.6 571.4 12334.0 102.54 ± 1.29 5.356
250-300um-2 534.8 571.4 12402.0 103.11 ± 1.28 5.640
250-300um-3 537.6 568.2 12196.0 101.40 ± 1.66 4.728
250-300um Avg 536.7 570.3 12310.7 102.4 ± 0.87 5.242 ± 0.467
IllNo6:BSG <125um-l 531.9 574.7 8901.0 74.00 ± 0.74 5.271
90:10 <125um-2 537.6 574.7 9032.9 75.10 ± 0.81 4.938
50K/min <125um-3 526.3 574.7 8304.2 69.04 ± 0.88 5.612
N2 flow <125um Avg 532.0 574.7 8746.0 72.71 ± 3.23 5.274 ± 0.337
250-300um-l 534.8 571.4 9405.9 78.20 ± 0.97 4.162
250-300um-2 534.8 574.7 9357.1 77.79 ± 1.06 4.802
250-300um-3 534.8 571.4 9933.4 82.59 ± 1.06 4.365














IUNo6:BSG <125um-l 621.1 636.9 2900.9 24.12 ± 0.80 5.956
50:50 <125um-2 621.1 641.0 3033.2 25.22 ± 0.81 8.478
50K/min <125um-3 617.3 641.0 3071.7 25.54 ± 0.66 9.910
N2 flow <125om Avg 619.8 639.7 3001.9 25.0 ± 0.74 8.115 ± 2.002
250-300um-l 628.9 641.0 5365.6 44.61 ± 0.92 4.756
250-300um-2 628.9 645.2 5736.6 47.69 ± 1.01 6.557
250-300um-3 625.0 645.2 5605.9 46.61 ± 1.14 7.772
2S0-300um Avg 627.6 643.8 5569.4 46.3 ± 1.56 6.362 ± 1.518
IUNo6:BSG <125um-l 617.3 636.9 1773.8 14.75 ± 0.56 6.035
80:20 <125um-2 621.1 641.0 1076.0 8.95 ± 0.75 5.292
50K/min <125um-3 621.1 641.0 1675.4 13.93 ± 0.75 5.224
N2 flow <125um Avg 619.8 639.7 1508.4 12.54 ± 3.14 5.517 ± 0.450
250-300um-l 628.9 645.2 4175.2 34.71 ± 0.79 4.270
250-300um-2 628.9 645.2 4486.2 37.30 ± 1.22 3.905
250-300um-3 628.9 645.2 3713.8 30.88 ± 1.14 3.928
250-300um Avg 628.9 645.2 4125.1 34.3 ± 3.23 4.034 ± 0.205
IUNo6:BSG <125um-l 617.3 649.4 1352.8 11.25 ± 0.47 5.924
90:10 <125um-2 621.1 649.4 1744.5 14.50 ± 0.72 5.128
50K/min <125um-3 620.7 648.5 1907.1 15.86 ± 0.67 5.087
N2 flow <125um Avg 619.7 649.1 1668.1 13.9 ± 2.37 5.380 ± 0.472
250-300um-l 628.9 645.2 4683.4 38.94 ± 1.47 2.888
250-300um-2 625.0 649.4 3229.0 26.85 ± 0.77 4.246
250-300um-3 625.0 645.2 3171.9 26.37 ± 0.92 3.498
2S0-300um Avg 626.3 646.6 3694.8 30.7 ± 7.12 3.544 ± 0.680
Onset 3 Endset 3 m3 Ea 3 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
IUNo6:BSG <125um-l 689.7 724.6 5411.7 44.99 ± 0.43 8.818
50:50 <125um-2 689.7 724.6 5579.0 46.38 ± 0.43 8.579
50K/min <125um-3 684.9 729.9 5300.0 44.06 ± 0.50 11.242
N2 flow <125um Avg 688.1 726.4 5430.2 45.15 ± 1.17 9.546 ± 1.474
250-300um-l 684.9 719.4 6210.7 51.64 ± 0.48 9.137
250-300um-2 689.7 719.4 6236.2 51.85 ± 0.53 7.732
250-300um-3 684.9 719.4 6124.2 50.92 ± 0.51 9.059
250-300um Avg 686.5 719.4 6190.4 51.47 ± 0.49 8.642 ± 0.790
IUNo6:BSG <125um-l 684.9 724.6 8468.5 70.41 0.52 11.545
80:20 <125um-2 680.3 724.6 8485.9 70.55 ± 0.58 12.230
50K/min <125um-3 680.3 724.6 8352.2 69.44 ± 0.57 12.426
N2 flow <125um Avg 681.8 724.6 8435.5 70.13 ± 0.60 12.067 ± 0.463
250-300um-l 684.9 724.6 8715.7 72.46 ± 0.66 11.576
250-300um-2 680.3 719.4 8826.0 73.38 ± 0.57 10.780
250-300um-3 689.7 719.4 8709.0 72.41 ± 0.51 8.757
250-3 OOum Avg 685.0 721.2 8750.2 72.75 ± 0.55 10.371 ± 1.453
IllNo6:BSG <125um-l 675.7 724.6 9547.6 79.38 ± 0.58 13.994
90:10 <125um-2 680.3 724.6 9616.1 79.95 ± 0.60 13.160
50K/min <125um-3 675.7 724.6 9690.8 80.57 ± 0.60 14.247
N2 flow <125um Avg 677.2 724.6 9618.2 79.97 ± 0.60 13.800 ± 0.569
250-300um-l 680.3 719.4 10167.0 84.53 ± 0.69 11.016
250-300um-2 680.3 719.4 10086.0 83.86 ± 0.60 11.146
250-300um-3 675.7 724.6 9733.6 80.93 ± 0.57 17.051
250-300um Avg 678.7 721.2 9995.5 83.10 ± 1.92 13.071 ± 3.448
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Table A.3-9. Onset and endset temperatures, apparent Ea, and mass loss fractions for pyrolysis of
IllNo6:BSG 50:50, 80:20, and 90:10 at 10 K/min.________________________________________
Onset 1 Endset 1 m l Ea 1 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
IlINo6:BSG <125um-l 515.5 561.8 13069.0 108.66 ± 0.46 14.104
50:50 <125um-2 520.8 558.7 13287.0 110.47 ± 0.49 11.436
lOK/min <125um-3 515.5 558.7 12926.0 107.47 ± 0.59 12.273
N2 flow <125um Avg 517.3 559.7 13094.0 108.9 ± 1.51 12.604 ± 1.365
250-300um-l 524.9 547.9 16313.0 135.63 ± 1.05 6.050
250-300um-2 504.1 543.6 12688.0 105.49 ± 0.76 6.198
250-300um-3 520.5 551.3 15740.0 130.86 ± 0.60 8.409
250-300um Avg 516.5 547.6 14913.7 124.0 ± 16.20 6.885 ± 1.321
IllNo6:BSG <125um-l 510.2 558.7 11178.0 92.93 ± 0.47 8.335
80:20 <125um-2 510.2 561.8 11288.0 93.85 ± 0.45 9.271
lOK/min <125um-3 507.6 558.7 11095.0 92.24 ± 0.40 8.345
N2 flow <125um Avg 509.3 559.7 11187.0 93.0 ± 0.80 8.650 ± 0.538
250-300um-l 518.3 553.4 12897.0 107.23 ± 0.81 5.956
250-300um-2 509.2 546.9 12520.0 104.09 ± 0.63 4.821
250-300um-3 518.0 548.5 12621.0 104.93 ± 0.97 4.765
250-300um Avg 515.1 549.6 12679.3 105.4 ± 1.62 5.181 ± 0.672
IllNo6:BSG <125um-l 512.8 561.8 9910.6 82.40 ± 0.43 6.377
90:10 <125um-2 505.3 558.7 9274.8 77.11 ± 0.45 6.088
lOK/min <125um-3 505.1 558.7 9177.7 76.30 ± 0.42 6.087
N2 flow <125um Avg 507.7 559.7 9454.4 78.6 ± 3.31 6.184 ± 0.167
250-300um-l 512.8 558.7 9816 81.61 ± 0.47 5.661
250-300um-2 509.7 559.3 9587.1 79.71 ± 0.42 6.002
250-300um-3 511.0 559.3 9508.0 79.05 ± 0.39 5.926
250-300um Avg 511.2 559.1 9637.0 80.1 ± 1.33 5.863 ± 0.179
Onset 2 Endset 2 m2 Ea 2 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
IUNo6:BSG <125um-l 595.2 625.0 2661.2 22.13 ± 0.84 12.999
50:50 <125um-2 595.2 621.1 2778.6 23.10 ± 1.03 10.667
10 K/min <125um-3 598.8 621.1 2373.9 19.74 1.45 9.605
N2 flow <125um Avg 596.4 622.4 2604.6 21.7 ± 1.73 11.091 ± 1.736
250-300um-l 603.4 623.1 8247.6 68.57 ± 1.78 8.553
250-300um-2 603.5 620.9 4749.6 39.49 ± 1.51 6.911
250-300um-3 606.4 623.8 5377.4 44.71 ± 1.59 7.246
250-300um Avg 604.4 622.6 6124.9 50.9 ± 15.51 7.570 ± 0.868
IllNo6:BSG <125um-l 595.2 625.0 1532.5 12.74 ± 0.83 7.909
80:20 <125um-2 595.2 632.9 1098.5 9.13 ± 0.62 9.993
lOK/min <125um-3 595.2 625.0 1365.2 11.35 ± 0.86 7.860
N2 flow <125um Avg 595.2 627.6 1332.1 11.1 ± 1.82 8.587 ± 1.217
250-300um-l 607.3 619.8 4755.4 39.54 ± 3.26 2.870
250-300um-2 599.3 616.9 4300.1 35.75 ± 1.60 4.375
250-300um-3 601.0 622.9 3821.5 31.77 ± 1.21 5.261
250-300um Avg 602.5 619.9 4292.3 35.7 ± 3.88 4.169 ± 1.209
IUNo6:BSG <125um-l 595.2 628.9 1392.8 11.58 ± 0.72 6.379
90:10 <125um-2 598.8 628.9 1656.8 13.77 ± 0.83 5.556
lOK/min <125um-3 598.8 628.9 1681.1 13.98 ± 0.83 5.670
N2 flow <125um Avg 597.6 628.9 1576.9 13.1 ± 1.33 5.869 ± 0.446
250-300um-l 598.8 628.9 1415.9 11.77 ± 0.87 5.723
250-300um-2 597.7 626.2 1476.3 12.27 ± 0.92 5.292
250-300um-3 601.0 625.0 1504.5 12.51 ± 1.00 4.556
250-300um Avg 599.2 626.7 1465.6 12.2 ± 0.38 5.190 ± 0.590
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Onset 3 Endset 3 m3 Ea 3 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
IllNo6:BSG <125um-l 657.9 704.2 4924.4 40.94 ± 0.55 11.207
50:50 <125um-2 656.6 704.2 5001.3 41.58 ± 0.48 11.649
lOK/min <125um-3 657.9 704.2 4886.0 40.62 ± 0.57 11.397
N2 flow <12Sum Avg 657.5 704.2 4937.2 41.05 ± 0.49 11.418 ± 0.222
250-300um-l 657.3 704.7 4425.4 36.79 ± 0.43 10.797
250-300um-2 653.6 705.7 5398.4 44.88 ± 0.44 13.267
250-300um-3 655.7 691.1 4123.5 34.28 ± 0.58 8.138
250-300um Avg 655.6 700.5 4649.1 38.65 ± 5.54 10.734 ± 2.566
IllNo6:BSG <125um-l 653.6 704.2 7805.0 64.89 ± 0.51 13.986
80:20 <125um-2 657.9 709.2 8074.8 67.13 ± 0.43 14.979
lOK/min <125um-3 649.4 709.2 7827.7 65.08 ± 0.43 16.532
N2 flow <125um Avg 653.6 707.6 7902.5 65.70 ± 1.24 15.166 ± 1.283
250-300um-l 664.9 695.5 7054.4 58.65 ± 0.89 7.411
250-300um-2 652.3 698.6 5572.8 46.33 ± 0.44 9.624
250-300um-3 659.2 699.0 5653.2 47.00 ± 0.70 8.465
250-300um Avg 658.8 697.7 6093.5 50.66 ± 6.93 8.500 ± 1.107
IllNo6:BSG <125um-l 650.2 704.2 9330.6 77.57 ± 0.40 15.470
90:10 <125um-2 653.6 704.2 9505.4 79.03 ± 0.46 14.746
lOK/min <125um-3 653.6 704.2 9456.7 78.62 ± 0.43 14.794
N2 flow <125um Avg 652.5 704.2 9430.9 78.41 ± 0.75 15.003 ± 0.405
250-300um-l 650.6 703.2 9366.5 77.87 ± 0.43 14.938
250-300um-2 649.8 703.2 9330.1 77.57 ± 0.44 14.974
250-300um-3 652.3 701.8 9425.5 78.36 ± 0.43 13.976
2S0-3O0um Avg 650.9 702.7 9374.0 77.94 ± 0.40 14.630 ± 0.566
Table A.3-10. Onset and endset temperatures, apparent Ea, and mass loss fractions for pyrolysis of 
IllNo6:CBS 50:50, 80:20, and 90:10 at 100 K/min._______________________________________
Onset 1 Endset 1 m l Ea 1 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
IllNo6:CBS <125um-l 458.7 532.2 5006.2 41.62 ± 0.53 8.606
50:50 <125um-2 465.1 524.9 5027.6 41.80 ± 0.67 7.025
1 OOK/min <125um-3 465.1 521.9 5370.6 44.65 ± 0.82 6.119
N2 flow <125um Avg 463.0 526.4 5134.8 42.69 ± 1.70 7.250 ± 1.259
250-300um-l 460.0 508.9 5757.6 47.87 ± 1.20
250-300um-2 460.6 521.1 6040.8 50.22 ± 0.87
250-300um-3 456.8 529.1 5814.7 48.34 ± 0.75
250-300um Avg 459.1 519.7 5871.0 48.8 ± 1.25
IllNo6:CBS <125um-l 458.1 526.3 4225.0 35.13 ± 0.54 5.292
80:20 <125um-2 468.4 525.2 4417.1 36.72 ± 0.52 4.735
1 OOK/min <125um-3 463.0 523.6 4348.2 36.15 ± 0.54 4.780
N2 flow <125um Ayg 463.1 525.0 4330.1 36.00 ± 0.81 4.936 ± 0.309
250-300um-l 458.9 515.7 4761.1 39.58 ± 0.76
250-300um-2 469.9 522.2 5047.9 41.97 ± 0.73
250-300um-3 466.2 520.8 4950.8 41.16 ± 0.71
250-300um Avg 465.0 519.6 4919.9 40.9 ± 1.21
IllNo6:CBS <125um-l 468.2 523.6 2774.6 23.07 ± 0.35 3.513
90:10 <125um-2 465.1 506.8 2892.1 24.04 ± 0.50 2.276
1 OOK/min <125um-3 464.5 521.4 3136.3 26.08 ± 0.37 3.283
N2 flow <125um Avg 465.9 517.3 2934.3 24.40 ± 0.69 3.024 ± 0.658
250-300um-l 454.5 516.8 3490.5 29.02 ± 0.40
250-300um-2 458.1 523.0 3626.1 30.15 ± 0.41
250-300um-3 458.7 516.5 3486.1 28.98 ± 0.36














IUNo6:CBS <125um-l 516.3 567.5 4059.0 33.75 ± 0.76 11.743
50:50 <125um-2 520.0 565.9 3999.5 33.25 ± 0.88 10.567
1 OOK/min <125um-3 524.4 565.3 4161.1 34.60 ± 1.00 9.093
N2 flow <125um Avg 520.2 566.3 4073.2 33.86 ± 0.68 10.468 ± 1.328
250-300um-l 514.7 559.0 4341.7 36.10 ± 0.94
250-300um-2 526.3 565.0 4396.2 36.55 ± 0.88
250-300um-3 526.3 558.7 4434.1 36.87 ± 1.33
250-300um Avg 522.4 560.9 4390.7 36.5 ± 0.39
IllNo6:CBS <125um-l 524.1 575.7 3781.7 31.44 ± 0.60 8.262
80:20 <125um-2 520.3 571.4 3755.6 31.22 ± 0.65 8.167
1 OOK/min <125um-3 516.8 560.5 3627.5 30.16 ± 0.81 6.258
N2 flow <125um Avg 520.4 569.2 3721.6 30.94 ± 0.69 7.562 ±  1.131
250-300um-l 512.8 561.8 3977.4 33.07 ± 0.73
250-300um-2 519.2 569.2 3883.8 32.29 ± 0.65
250-300um-3 526.3 564.3 4309.1 35.83 ± 1.03
250-300um Avg 519.4 565.1 4056.8 33.7 ± 1.86
IUNo6:CBS <125um-l 528.5 572.7 3702.5 30.78 ± 0.68 4.858
90:10 <125um-2 521.4 571.4 3419.9 28.43 ± 0.67 5.150
1 OOK/min <125um-3 543.8 581.7 3720.4 30.93 ± 0.90 4.508
N2 flow <125um Avg 531.2 575.3 3614.3 30.05 ± 1.66 4.839 ± 0.321
250-300um-l 524.4 572.7 3432.1 28.53 ± 0.55
250-300um-2 512.8 565.6 3223.8 26.80 ± 0.50
250-300um-3 516.5 573.1 3279.3 27.26 ± 0.56
250-300um Avg 517.9 570.5 3311.7 27.53 ± 1.22
Onset 3 Endset 3 m3 Ea 3 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
IHNo6:CBS <125um-l 584.8 617.3 5390.3 44.81 ± 1.24 10.962
50:50 <125um-2 582.8 617.7 5237.6 43.55 ± 1.15 11.960
1 OOK/min <125um-3 585.1 619.2 5419.0 45.05 ± 1.24 11.646
N2 flow <12Sum Avg 584.2 618.0 5349.0 44.47 ± 0.81 11.522 ±  0.510
250-300um-l 588.2 616.5 6129.3 50.96 ± 1.75
250-300um-2 585.1 617.7 5579.6 46.39 ± 1.57
250-300um-3 584.8 615.8 5744.9 47.76 ± 1.80
250-300um Avg 586.1 616.7 5817.9 48.4 ± 2.34
IllNo6:CBS <125um-l 582.1 620.0 4047.5 33.65 ± 0.78 9.159
80:20 <125um-2 576.4 621.1 3646.9 30.32 ± 0.81 10.663
1 OOK/min <125um-3 580.0 618.0 3889.1 32.33 ± 0.76 9.016
N2 flow <125um Avg 579.5 619.7 3861.2 32.10 ± 1.68 9.613 ± 0.913
250-300um-l 585.1 619.2 4192.6 34.86 ± 0.98
250-300um-2 585.5 618.0 4423.5 36.78 ± 1.08
250-300um-3 588.2 617.3 4513.9 37.53 ± 1.12
250-300um Avg 586.3 618.2 4376.7 36.4 ± 1.38
IUNo6:CBS <125um-l 578.7 621.1 1737.1 14.44 ± 0.30 6.410
90:10 <125um-2 581.7 619.2 1867.9 15.53 ± 0.37 5.650
1 OOK/min <125um-3 584.8 623.1 1850.9 15.39 ± 0.42 5.742
N2 flow <125um Avg 581.7 621.1 1818.6 15.12 ± 0.77 5.934 ±  0.415
250-300um-l 572.4 621.1 2046.2 17.01 ± 0.33
250-300um-2 578.4 623.4 2412.8 20.06 ± 0.56
250-300um-3 572.7 620.7 2045.5 17.01 ± 0.56














HlNo6:CBS <125um-l 658.3 694.4 6690.6 55.63 ± 1.26 10.296
50:50 <125um-2 658.3 692.5 6293.1 52.32 ± 1.24 9.651
1 OOK/min <125um-3 660.5 694.4 6334.6 52.67 ± 1.29 9.881
N2 flow <125um Avg 659.1 693.8 6439.4 53.54 ± 1.82 9.943 ± 0.327
250-300um-l 657.9 689.7 4255.6 23.67 ± 1.11
250-300um-2 660.5 687.3 3802.7 27.22 0.83
250-300um-3 660.5 682.1 3739.9 23.49 ± 0.74
250-300um Avg 659.6 686.4 3932.7 24.8 ± 2.10
Onset 5 Endset 5 m5 Ea 5 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
IllNo6:CBS <125um-l 720.5 744.6 2977.1 24.75 ± 0.74 5.374
50:50 <125um-2 721.0 745.7 3206.6 26.66 ± 0.70 5.653
1 OOK/min <125um-3 716.3 751.9 2682.5 22.30 ± 0.83 8.062
N2 flow <125um Avg 719.3 747.4 2955.4 24.57 ± 2.18 6.363 ±  1.478
250-300um-l 709.2 746.3 3841.3 23.67 ± 0.63
250-300um-2 704.2 742.4 3903.7 27.22 ± 0.57
250-300um-3 702.2 738.6 4373.7 23.49 ± 0.57
250-300um Avg 705.2 742.4 4039.6 24.8 ± 2.10
IllNo6:CBS <125um-l 694.0 740.7 7048.8 58.60 ± 0.90 12.877
80:20 <125um-2 699.3 740.7 7235.0 60.15 ± 0.92 12.157
1 OOK/min <125um-3 698.3 737.5 7251.0 60.28 ± 1.02 11.524
N2 flow <125um Avg 697.2 739.6 7178.3 59.7 ± 0.93 12.186 ±  0.677
250-300um-l 699.3 740.7 7235.0 60.15 ± 0.91
250-300um-2 687.8 736.9 7515.0 62.48 ± 0.83
250-300um-3 683.1 735.3 7730.2 64.27 ± 0.94
250-300um Avg 690.0 737.7 7493.4 62.3 ± 2.06
IllNo6:CBS <125um-l 671.1 735.3 9463.2 78.68 ± 1.01 16.890
90:10 <125um-2 671.1 736.9 9601.1 79.82 ± 0.99 17.377
1 OOK/min <125um-3 673.9 737.5 9668.4 80.38 ± 0.88 17.943
N2 flow <125um Avg 672.0 736.6 9577.6 79.6 ± 0.87 17.404 ±  0.527
250-300um-l 671.6 734.2 9640.8 80.15 ± 0.97
250-300um-2 671.1 736.9 9458.1 78.63 ± 0.92
250-300um-3 669.3 734.8 9487.0 78.87 ± 0.92
250-300um Avg 670.7 735.3 9528.6 79.22 ± 1.07
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Table A.3-11. Onset and endset temperatures, apparent Ea, and mass loss fractions for pyrolysis of
IllNo6:CBS 50:50, 80:20, and 90:10 at 50 K / m i n . ___________________________________
Onset 1 Endset 1 m l Ea 1 Error Mass loss
(K) (K.) ln(k) vs \rx (kJ/mol) (kJ/mol) (%)
IllNo6:CBS <125um-l 455.6 509.9 5491.6 45.66 ± 0.45 6.150
50:50 <125um-2 458.3 504.3 5497.6 45.71 ± 0.53 4.303
50K/min <125um-3 456.6 506.3 5403.8 44.93 ± 0.55 4.701
N2 flow <125um Avg 456.8 506.9 5464.3 45.4 ± 0.44 5.051 ± 0.972
250-300um-l 470.6 497.5 6790.3 56.45 ± 1.42
250-300um-2 470.8 510.2 6409.6 53.29 ± 0.58
250-300um-3 471.7 505.1 6676.5 55.51 ± 0.77
250-300um Avg 471.0 504.3 6625.5 55.1 ± 1.62
IllNo6:CBS <125um-l 463.2 506.1 4980.5 41.41 ± 0.45 3.152
80:20 <125um-2 464.3 510.5 4946.5 41.13 ± 0.35 3.544
50K/min <125um-3 458.5 512.6 4848.9 40.31 ± 0.40 3.943
N2 flow <125um Avg 462.0 509.7 4925.3 40.9 ± 0.57 3.546 ± 0.396
250-300um-l 468.2 508.9 5829.8 48.47 ± 0.67
250-300um-2 465.3 508.1 5510.3 45.81 ± 0.46
250-300um-3 463.2 509.2 5478.6 45.55 ± 0.48
250-300um Avg 465.6 508.7 5606.2 46.6 ± 1.62
IlINo6:CBS <125um-l 461.3 509.4 3624.4 30.13 ± 0.49 2.527
90:10 <125um-2 460.4 511.2 3638.1 30.25 ± 0.26 2.682
50K/min <125um-3 463.4 497.5 3633.4 30.21 ± 0.87 1.670
N2 flow <125um Avg 461.7 506.1 3632.0 30.2 0.06 2.293 ± 0.545
250-300um-l 454.5 507.6 3939.6 32.75 ± 0.49
250-300um-2 461.5 503.0 4083.6 33.95 ± 0.33
250-300um-3 469.5 512.8 4297.0 35.73 ± 0.64
250-300um Avg 461.8 507.8 4106.7 34.1 ± 1.50
Onset 2 Endset 2 m2 Ea 2 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
111No6:CBS <125um-l 529.4 557.7 5366.7 44.62 ± 0.77 6.920
50:50 <125um-2 529.9 560.2 5386.4 44.78 ± 0.92 7.817
50K/min <125um-3 528.0 555.6 5214.8 43.36 ± 0.90 6.556
N2 flow <125um Avg 529.1 557.8 5322.6 44.3 ± 0.78 7.098 ± 0.649
250-300um-l 535.9 554.6 6975.4 57.99 ± 1.87
250-300um-2 531.9 555.6 6624.5 55.08 ± 1.14
250-300um-3 528.0 555.6 5990.5 49.81 ± 0.97
250-300um Avg 531.9 555.2 6530.1 54.3 ± 4.15
IllNo6 :CBS <125um-l 531.3 561.2 5191.2 43.16 ± 0.64 5.314
80:20 <125um-2 530.2 559.3 5058.1 42.05 ± 0.76 4.973
50 K/min <125um-3 525.8 558.7 4751.7 39.51 ± 0 . 8 6 5.383
N2 flow <125um Avg 529.1 559.7 5000.3 41.6 ± 1.87 5.223 ± 0.220
250-300um-l 528.8 554.0 5570.9 46.32 ± 1.05
250-300um-2 531.9 556.2 5436.4 45.20 ± 0.85
250-300um-3 531.9 554.0 5295.2 44.02 ± 0 . 8 8
250-300um Avg 530.9 554.7 5434.2 45.2 ± 1.15
IUN0 6 .CBS <125um-l 527.4 562.1 4432.6 36.85 ± 0.70 3.717
90:10 <125um-2 529.7 563.1 4552.2 37.85 ± 0.69 3.716
50K/min <125um-3 530.8 578.0 4643.5 38.61 ± 0.65 5.696
N2 flow <125um Avg 529.3 567.7 4542.8 37.8 ± 0.88 4.376 ± 1.143
250-300um-l 528.5 558.0 4885.1 40.61 ± 0 . 8 6
250-300um-2 531.3 559.3 4607.3 38.31 ± 0.76
250-300um-3 530.5 558.0 5062.4 42.09 ± 1.26














IllNo6:CBS <125um-l 583.4 611.6 6392.2 53.14 ± 0.86 10.020
50:50 <125um-2 582.1 610.5 6272.5 52.15 ± 0.88 9.902
5 OK/m in <125um-3 580.4 610.5 6167.2 51.27 ± 0.78 10.751
N2 flow <125um Avg 582.0 610.9 6277.3 52.2 ± 0.94 10.224 ± 0.460
250-300um-l 583.1 610.5 7217.5 60.01 ± 0.91
250-300um-2 585.1 609.8 7396.1 61.49 0.98
250-300um-3 584.8 609.8 7486.8 62.25 ± 1.04
250-300um Avg 584.3 610.0 7366.8 61.2 ± 1.14
IllNo6:CBS <125um-l 580.0 609.0 4598.2 38.23 ± 0.71 7.417
80:20 <125um-2 577.4 606.4 4427.2 36.81 ± 0.81 7.129
50K/min <125um-3 580.7 610.1 4735.6 39.37 ± 0.62 7.579
N2 flow <125um Avg 579.4 608.5 4587.0 38.1 ± 1.28 7.375 ± 0.228
250-300um-l 582.4 608.3 5613.2 46.67 ± 0.81
250-300um-2 579.4 610.1 5230.2 43.48 ± 0.74
250-300um-3 580.0 615.8 5512.1 45.83 ± 0.96
250-300um Avg 580.6 611.4 5451.8 45.3 ± 1.65
IilNo6:CBS <125um-l 595.2 615.0 3059.1 25.43 ± 0.90 3.133
90:10 <125um-2 595.6 614.6 3265.5 27.15 ± 0.73 2.979
50K/min <125um-3 593.1 612.0 3195.0 26.56 ± 0.99 2.936
N2 flow <125um Avg 594.7 613.9 3173.2 26.4 ± 0.87 3.016 ± 0.104
250-300um-l 594.2 613.1 3705.4 30.81 ± 1.44
250-300um-2 590.7 611.6 4151.6 34.52 ± 0.92
250-300um-3 590.7 612.4 3946.8 32.81 0.93
250-300um Avg 591.8 612.4 3934.6 32.7 ± 1.86
Onset 4 Endset 4 m4 Ea 4 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
IllNo6:CBS <125um-l 651.0 680.3 7227.1 60.09 ± 1.02 9.035
50:50 <125um-2 651.5 681.2 6809.7 56.62 ± 0.83 9.376
5 OK/m in <125um-3 651.5 680.3 7361.6 61.20 ± 0.93 9.079
N2 flow <125um Avg 651.3 680.6 7132.8 59.3 ± 2.39 9.163 ± 0.186
250-300um-l 649.4 672.9 2831 23.54 ± 0.81
250-300um-2 649.4 671.1 2890.3 24.03 ± 0.74
250-300um-3 649.8 671.1 3426.6 28.49 ± 0.75
250-300um Avg 649.5 671.7 3049.3 25.4 ± 2.73
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Onset 5 Endset 5 m5 Ea 5 Enor Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
IUNo6:CBS <125um-l 707.2 732.1 4469.7 37.16 ± 0.61 5.834
50:50 <125um-2 705.7 732.6 4481.0 37.26 ± 0.54 6.181
5 OK/m in <125um-3 706.7 734.8 4367.4 36.31 ± 0.58 6.620
N2 flow <125um Avg 706.5 733.1 4439.4 36.9 ± 0.52 6.212 ±  0.394
250-300um-l 694.4 731.5 5190.2 43.15 ± 0.46
250-300um-2 691.6 731.5 5078.7 42.22 ± 0.37
250-300um-3 691.1 732.1 4739.5 39.40 ± 0.38
250-300um Avg 692.4 731.7 5002.8 41.6 ± 1.95
IllNo6:CBS <125um-l 691.6 722.5 8460.7 70.34 ± 0.66 8.393
80:20 <125um-2 686.3 724.6 8089.6 67.26 ± 0.60 10.375
50K/min <125um-3 689.7 725.7 8030.8 66.77 ± 0.58 10.218
N2 flow <125um Avg 689.2 724.3 8193.7 68.1 1.94 9.662 ± 1.102
250-300um-l 677.5 726.2 8155.6 67.81 ± 0.51
250-300um-2 679.3 725.7 8353.4 69.45 0.47
250-300um-3 681.2 724.1 8179.3 68.00 ± 0.49
250-300um Avg 679.4 725.3 8229.4 68.4 ± 0.90
IllNo6:CBS <125um-l 670.7 723.1 10262 85.32 ± 0.56 14.198
90:10 <125um-2 671.1 718.4 10372.0 86.23 ± 0.71 12.252
50K/min <125um-3 670.2 720.3 10305.0 85.68 ± 0.64 13.163
N2 flow <125um Avg 670.7 720.6 10313.0 85.7 ± 0.46 13.205 ± 0.974
250-300um-l 670.2 719.4 10279 85.46 ± 0.56
250-300um-2 672.5 723.1 10286.0 85.52 ± 0.58
250-300um-3 670.7 717.9 10308.0 85.70 ± 0.71
250-300um Avg 671.1 720.1 10291.0 85.6 ± 0.13
Table A.3-12. Onset and endset temperatures, apparent Ea, and mass loss fractions for pyrolysis of 
IllNo6:CBS 50:50, 80:20, and 90:10 at 10 K/min.________________________________________
Onset 1 Endset 1 m l Ea 1 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
IllNo6:CBS <125um-l 438.8 497.3 5995.2 49.84 ± 0.28 5.071
50:50 <125um-2 450.9 495.0 5728.2 47.62 ± 0.30 4.599
1 OK/min <125um-3 439.6 491.2 5889.3 48.96 ± 0.48 4.926
N2 flow <125um Avg 443.1 494.5 5870.9 48.8 ± 1.12 4.865 =fc 0.242
250-300um-l 452.5 487.8 5893.2 49.00 ± 0.78
250-300um-2 446.4 487.8 6540.6 54.38 ± 0.32
250-300um-3 436.7 487.8 6132.2 50.98 ± 0.27
250-300um Avg 445.2 487.8 6188.7 51.5 ± 2.72
IllNo6:CBS <125um-l 448.0 496.8 5532.8 46.00 ± 0.34 3.390
80:20 <125um-2 449.4 492.6 5617.3 46.70 ± 0.42 2.823
lOK/min <125um-3 461.0 494.6 5621.1 46.73 0.65 2.529
N2 flow <125um Avg 452.8 494.6 5590.4 46.5 ± 0.42 2.914 ± 0.438
250-300um-l 438.6 492.6 5304.6 44.10 ± 0.71
250-300um-2 431.0 495.0 5484.8 45.60 ± 0.59
250-300um-3 448.4 490.2 5929.9 49.30 ± 0.42
250-300um Avg 439.4 492.6 5573.1 46.3 ± 2.68
IllNo6:CBS <125um-l 459.1 492.1 4805 39.95 ± 1.69 1.335
90:10 <125um-2 455.8 498.0 4570.0 37.99 ± 1.01 1.813
lOK/min <125um-3 457.2 495.3 4248.8 35.32 ± 1.38 1.616
N2 flow <125um Avg 457.4 495.1 4541.3 37.8 ± 2.32 1.588 ±  0.240
250-300um-l 436.7 523.6 3798.7 31.58 ± 0.50
250-300um-2 421.9 510.2 3852.2 32.03 ± 0.76
250-300um-3 432.9 505.1 4463.3 37.11 ± 0.63














IllNo6:CBS <125um-l 514.7 538.3 6565.6 54.59 ± 0.92 5.928
50:50 <125um-2 517.6 535.9 6477.4 53.85 ± 1.38 4.628
lOK/min <125um-3 517.1 539.3 6137.0 51.02 ± 1.10 5.910
N2 flow <125um Avg 516.5 537.8 6393.3 53.2 ± 1.88 5.489 ± 0.745
250-300um-l 515.5 534.8 7625.5 63.40 ± 1.54
250-300um-2 515.5 534.8 7701.6 64.03 ± 1.17
250-300um-3 515.5 534.8 7305.7 60.74 ± 1.30
250-300um Avg 515.5 534.8 7544.3 62.7 ± 1.75
IllNo6:CBS <125um-l 516.0 536.9 6169.7 51.29 ± 1.01 3.559
80:20 <125um-2 513.3 539.7 5990.1 49.80 ± 0.78 4.472
lOK/min <125um-3 512.8 540.5 6088.4 50.62 ± 0.81 4.752
N2 flow <125um Ayg 514.1 539.0 6082.7 50.6 ± 0.75 4.261 ± 0.624
250-300um-l 512.8 537.6 6124.1 50.92 ± 1.46
250-300um-2 515.5 534.8 6581.9 54.72 ± 1.59
250-300um-3 515.5 534.8 7138.9 59.35 ± 1.44
250-300um Avg 514.6 535.7 6615.0 55.0 ± 4.23
IllNo6:CBS <125um-l 514.9 536.8 6118.6 50.87 ± 1.22 2.078
90:10 <125um-2 516.0 539.1 6365.6 52.92 ± 1.13 2.313
lOK/min <125um-3 512.3 541.1 6017.9 50.03 ± 0.84 2.838
N2 flow <125um Avg 514.4 539.0 6167.4 51.3 ± 1.49 2.410 ± 0.389
250-300um-l 520.8 540.5 4720.6 39.25 ± 3.59
250-300um-2 505.1 537.6 4566.4 37.97 ± 1.52
250-300um-3 507.6 537.6 5264.9 43.77 ± 1.83
250-300um Avg 511.2 538.6 4850.6 40.3 ± 3.05
Onset 3 Endset 3 m3 Ea 3 Error Mass loss
(K) (K.) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
IllNo6:CBS <125um-l 560.8 590.0 6670.2 55.46 ± 0.65 11.229
50:50 <125um-2 563.1 587.5 6586.5 54.76 ± 0.90 9.119
1 OK/m in <125um-3 559.3 589.6 5982.9 49.74 ± 0.67 11.323
N2 flow <125um Avg 561.0 589.0 6413.2 53.3 ± 3.12 10.557 ± 1.246
250-300um-l 561.8 584.8 7679.5 63.85 ± 1.07
250-300um-2 561.8 584.8 7832.0 65.12 ± 1.18
250-300um-3 565.0 584.8 7810.2 64.93 ± 1.09
250-300U m Avg 562.9 584.8 7773.9 64.6 ± 0.69
IUNo6:CBS <125um-l 563.7 589.6 5474.6 45.52 ± 0.93 7.319
80:20 <125um-2 557.7 591.0 5187.6 43.13 ± 0.66 9.132
lOK/min <125um-3 560.9 594.2 5385.9 44.78 ± 0.74 9.483
N2 flow <125um Avg 560.8 591.6 5349.4 44.5 ± 1.22 8.645 ± 1.161
250-300um-l 561.8 588.2 5474.0 45.51 ± 1.11
250-300um-2 561.8 584.8 5659.1 47.05 ± 1.26
250-300um-3 558.7 584.8 5763.9 47.92 ± 1.02
250-300um Avg 560.8 585.9 5632.3 46.8 ± 1.22
111No6:CBS <125um-l 574.1 590.0 4911.7 40.84 ± 2.02 2.509
90:10 <125um-2 574.1 593.8 4116.4 34.22 ± 1.90 3.191
lOK/min <125um-3 572.4 593.8 4240.8 35.26 ± 1.53 3.399
N2 flow <125um Avg 573.5 592.5 4423.0 36.8 ± 3.56 3.033 ± 0.466
250-300um-l 571.4 591.7 3966.1 32.97 ± 3.46
250-300um-2 574.7 591.7 5103.1 42.43 ± 3.11
250-300um-3 574.7 591.7 5695.4 47.35 ± 2.89














IUNo6:CBS <125um-l 620.3 641.6 4826.4 40.13 ± 1.90 7.362
50:50 <125um-2 622.1 643.5 5306.7 44.12 dt 1.52 7.075
lOK/min <125um-3 622.3 645.2 5107.2 42.46 ± 1.35 7.436
N2 flow <125um Avg 621.6 643.4 5080.1 42.2 ± 2.01 7.291 ± 0.191
250-300um-l 613.9 636.9 458 3.81 ± 1.36
250-300um-2 618.0 635.7 1102.4 9.17 ± 1.98
250-300um-3
250-300um Avg 616.0 636.3 780.2 6.5 ± 3.79
Onset 5 Endset 5 m5 Ea 5 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
IUNo6:CBS <125um-l 668.6 715.2 4315.7 35.88 ± 0.69 10.268
50:50 <125um-2 671.6 706.7 4649.3 38.65 ± 0.73 7.874
lOK/min <125um-3 671.6 711.7 4565.1 37.95 ± 0.58 8.961
N2 flow <125um Avg 670.6 711.2 4510.0 37.5 rfc 1.44 9.034 ±  1.199
250-300um-l 671.1 709.2 5307.2 44.12 ± 0.56
250-300um-2 662.3 714.3 4669.4 38.82 ± 0.56
250-300um-3 666.7 709.2 5308.5 44.13 ± 0.53
250-300um Avg 666.7 710.9 5095.0 42.4 ± 3.06
IllNo6:CBS <125um-l 662.7 705.7 7755.1 64.48 ± 0.56 11.499
80:20 <125um-2 657.0 708.2 7648.9 63.59 ± 0.48 13.645
lOK/min <125um-3 663.6 700.3 8019.5 66.67 ± 0.73 9.690
N2 flow <125um Avg 661.1 704.7 7807.8 64.9 ± 1.59 11.611 ±  1.980
250-300um-l 653.6 709.2 7838.0 65.17 0.39
250-300um-2 649.4 714.3 7537.5 62.67 ± 0.46
250-300um-3 653.6 709.2 7844.6 65.22 ± 0.41
250-300um Avg 652.2 710.9 7740.0 64.4 ± 1.46
IllNo6:CBS <125um-l 647.7 699.8 10139 84.30 ± 0.44 13.815
90:10 <125um-2 648.5 699.8 10130.0 84.22 ± 0.45 13.602
lOK/min <125um-3 646.4 701.3 10065.0 83.68 ± 0.44 14.730
N2 flow <125um Avg 647.5 700.3 10111.3 84.1 ± 0.34 14.049 ± 0.599
250-300um-l 645.2 709.2 7585.6 63.07 ± 0.53
250-300um-2 649.4 709.2 7966.4 66.23 ± 0.45
250-300um-3 649.4 699.3 8656.1 71.97 ± 0.61
250-300um Avg 648.0 705.9 8069.4 67.1 ± 4.51
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IUNo6:CS <125um-l 547.6 583.4 7488.9 62.26 ± 177.87
50:50 <125um-2 546.1 585.5 7143.2 59.39 ± 152.57
lOOK/min <125um-3 545.3 582.4 7029.4 58.44 ± 153.87
N2 <125um Avg 546.4 583.8 7220.5 60.03 ± 1.99
250-300um-l 542.6 588.2 7314.9 60.82 ± 138.28
250-300um-2 539.1 581.7 7503.9 62.39 ± 161.14
250-300um-3 538.5 585.5 7314.4 60.81 ± 142.98
250-300um Avg 540.1 585.1 7377.7 61.34 ± 0.91
IllNo6:CS <125um-l 535.0 581.4 6036.2 50.18 ± 128.46
80:20 <125um-2 542.0 581.4 6473.5 53.82 dk 143.83
lOOK/min <125um-3 546.4 581.7 6638.8 55.19 ± 175.15
N2 <125um Avg 541.2 581.5 6382.8 53.07 ± 2.59
250-300um-l 541.7 584.8 6798.2 56.52 ± 148.16
250-300um-2 538.8 587.2 7226 60.08 ± 128.21
250-300ura-3 537.3 585.8 7295.3 60.65 ± 142.80
250-300um Avg 539.3 585.9 7106.5 59.08 ± 2.24
111No6:CS <125um-l 543.5 584.1 6247.8 51.94 ± 147.20
80:20 <125um-2 541.7 580.4 6121.4 50.89 ± 132.25
lOOK/min <125um-3 535.9 586.2 5663.5 47.09 ± 116.14
N2 <125um Avg 540.4 583.6 6010.9 49.97 ± 2.56
250-300um-l 535.0 584.1 6460.7 53.71 ± 139.37
250-300um-2 531.6 582.1 6328.4 52.61 ± 131.97
250-300um-3 537.1 584.8 6865.8 57.08 ± 130.73











IllNo6:CS <125um-l 581.7 636.5 5396.1 44.86 ± 93.28
50:50 <125um-2 594.9 629.3 6165.9 51.26 ± 152.00
lOOK/min <125um-3 588.9 629.7 5905.6 49.10 ± 125.70
N2 <125um Avg 588.5 631.9 5822.5 48.41 ± 3.26
250-300um-l 605.3 632.9 4455.0 37.04 ± 136.83
250-300um-2 610.9 630.1 5503.3 45.75 ± 299.28
250-300um-3 612.0 630.9 5516.5 45.86 ± 301.05
250-300um Avg 609.4 631.3 5158.3 42.89 ± 5.06
IllNo6:CS <125um-l 608.3 632.5 4813.2 40.02 ± 189.77
80:20 <125um-2 606.8 632.1 4901.6 40.75 ± 161.11
lOOK/min <125um-3 611.2 629.7 4930.7 40.99 ± 236.30
N2 <125um Avg 608.8 631.4 4881.8 40.59 ± 0.51
250-300um-l 610.9 633.3 4988.4 41.47 ± 196.40
250-300um-2 614.3 632.5 5343.8 44.43 ± 301.01
250-300um-3 608.6 631.3 5343.8 44.43 ± 205.41
250-300um Avg 611.3 632.4 5225.3 43.44 ± 1.71
IllNo6:CS <125um-l 609.0 636.5 4168.6 34.66 ± 154.09
80:20 <125um-2 612.0 635.3 4073.0 33.86 198.46
lOOK/min <125um-3 609.0 634.9 4223.1 35.11 ± 151.81
N2 <125um Avg 610.0 635.6 4154.9 34.54 ± 0.63
250-300um-l 610.9 638.2 5033.7 41.85 ± 178.53
250-300um-2 610.9 635.3 4398.8 36.57 ± 169.19
250-300um-3 612.7 638.6 5325.9 44.28 ± 222.03












IHNo6:CS <125um-l 686.3 737.5 5769.0 47.96 ± 77.11
50:50 <125um-2 694.4 735.3 6210.5 51.63 ± 79.84
lOOK/min <125um-3 691.6 737.5 6142.5 51.07 ± 70.56
N2 <125um Avg 690.8 736.7 6040.7 50.22 ± 1.98
250-300um-l 682.1 736.4 8890.2 73.91 ± 113.29
250-300um-2 682.1 740.7 8832.5 73.43 ± 133.50
250-300um-3 681.2 737.5 8663.6 72.03 ± 116.60
250-300um Avg 681.8 738.2 8795.4 73.13 ± 0.98
IllNo6:CS <125um-l 681.2 740.2 8277.4 68.82 ± 104.04
80:20 <125um-2 686.8 741.8 8309.4 69.08 ± 128.00
lOOK/min <125um-3 681.7 736.9 8358.6 69.49 ± 103.27
N2 <125um Avg 683.2 739.7 8315.1 69.13 ± 0.34
250-300um-l 678.9 736.4 9167.0 76.21 116.94
250-300um-2 680.3 742.9 8317.8 69.15 ± 114.20
250-300um-3 680.7 736.9 8772 72.93 ± 115.30
250-300um Avg 680.0 738.7 8752.3 72.77 ± 3.53
IUNo6:CS <125um-l 671.6 739.6 9354.4 77.77 ± 120.58
80:20 <125um-2 674.8 745.2 8881.6 73.84 ± 122.42
lOOK/min <125um-3 675.7 739.6 9435.7 78.45 ± 118.64
N2 <125um Avg 674.0 741.5 9223.9 76.69 ± 2.49
250-300um-l 680.7 736.4 9629.8 80.06 ± 133.77
250-300um-2 678.9 738.6 9404.3 78.19 ± 137.28
250-300um-3 675.2 739.6 9528.1 79.22 ± 128.66
250-300um Avg 678.3 738.2 9520.7 79.16 ± 0.94
Table A.3-14. Onset and endset temperatures, and apparent Ea for pyrolysis of IllNo6:CS 50:50, 80:20, and 





m l Ea 1 
ln(k) vs 1/T (kJ/mol)
Error
(kJ/mol)
IllNo6:CS <125um-l 606.4 621.5 8199.4 68.17 ± 192.34
50:50 <125um-2 605.3 625.8 7979.6 66.34 ± 147.61
50K/min <125um-3 603.9 626.2 7703.8 64.05 ± 133.21
N2 <125um Avg 605.2 624.5 7960.9 66.19 ± 2.06
250-300um-l 604.6 625.8 7793.2 64.79 ± 200.10
250-300um-2 607.5 625.8 8394.7 69.79 ± 220.13
250-300um-3 605.3 627.4 7516.9 62.50 ± 145.41
250-300um Avg 605.8 626.3 7901.6 65.69 ± 3.73
IllNo6:CS <125um-l 599.2 627.7 6116.1 50.85 ± 128.40
80:20 <125um-2 606.8 629.7 6371.9 52.98 ± 193.27
50K/min <125um-3 603.1 629.7 6162.3 51.23 ± 192.52
N2 <125um Avg 603.0 629.1 6216.8 51.69 ± 1.13
250-300um-l 605.3 624.2 7838.6 65.17 ± 178.64
250-300um-2 606.8 627.0 7552.5 62.79 ± 192.29
250-300um-3 607.5 625.4 8268.6 68.75 ± 193.45
250-300um Avg 606.6 625.5 7886.6 65.57 3.00
IllNo6:CS <125um-l 604.6 625.8 6261.7 52.06 ± 166.92
80:20 <125um-2 603.9 626.2 6154.2 51.17 ± 198.45
50K/min <125um-3 605.3 624.6 6351.3 52.80 ± 161.07
N2 <125um Avg 604.6 625.5 6255.7 52.01 ± 0.82
250-300um-l 605.0 627.7 6648.6 55.28 ± 143.55
250-300um-2 606.8 627.4 7212.9 59.97 ± 195.85
250-300um-3 608.6 628.1 6929 57.61 ± 148.43






m2 Ea 2 
ln(k) vs 1/T (kJ/mol)
Error
[kJ/mol]
IllNo6:CS <125um-l 684.5 728.3 6527.0 54.27 ± 50.51
50:50 <125um-2 683.5 728.3 6477.7 53.86 ± 45.93
50K/min <125um-3 686.3 728.9 6515.1 54.17 ± 51.93
N2 <125um Avg 684.8 728.5 6506.6 54.10 ± 0.21
250-300um-l 679.3 729.9 9192.4 76.43 68.62
250-300um-2 679.8 729.9 9290.2 77.24 ± 65.74
250-300um-3 674.3 726.2 9343.5 77.68 ± 67.73
250-300ura Avg 677.8 728.7 9275.4 77.12 ± 0.64
IllNo6:CS <125um-l 674.3 732.6 8639.5 71.83 db 62.27
80:20 <125um-2 676.1 735.3 8604.6 71.54 ± 69.91
50K/min <125um-3 673.9 732.1 8740.9 72.67 ± 64.97
N2 <125um Avg 674.8 733.3 8661.7 72.01 ± 0.59
250-300um-l 679.8 729.4 9074.5 75.45 ± 70.71
250-300um-2 678.0 731.0 8935.9 74.29 ± 72.79
250-300um-3 678.0 729.9 8819.5 73.33 ± 63.39
250-300um Avg 678.6 730.1 8943.3 74.35 ± 1.06
IllNo6:CS <125um-l 668.4 732.6 9464.7 78.69 ± 67.91
80:20 <125um-2 . 671.1 727.3 9689.6 80.56 ± 68.86
50K/min <125um-3 669.8 728.3 9682.3 80.50 ± 74.92
N2 <125um Avg 669.8 729.4 9612.2 79.92 ± 1.06
250-300um-l 672.9 732.6 9940.8 82.65 ± 72.90
250-300um-2 673.4 726.2 10054 83.59 ± 74.18
250-300um-3 669.3 731.5 9777.3 81.29 ± 78.81





m3 Ea 3 
ln(k) vs 1U (kJ/mol)
Error
(kJ/mol)
IUNo6:CS <125um-l 788.6 803.2 2571.6 21.38 ± 232.97
50:50 <125um-2 786.8 803.9 2917.2 24.25 ± 218.16
50KMin <125um-3 788.0 803.2 2394.5 19.91 ± 263.06
N2 <125um Avg 787.8 803.4 2627.8 21.85 ± 2.21
250-300um-l 782.5 802.6 3807.6 31.66 ± 145.27
250-300um-2 784.9 798.1 4364.2 36.28 ± 160.16
250-300um-3 784.9 800.6 3823.9 31.79 ± 253.10
250-300um Avg 784.1 800.4 3998.6 33.24 ± 2.63
IllNo6:CS <125um-l 786.2 800.6 4969.6 41.32 ± 232.13
80:20 <125um-2 786.2 802.6 4506.0 37.46 ± 180.17
50K/min <125um-3 785.5 803.2 4440.3 36.92 ± 176.47
N2 <125um Avg 786.0 802.1 4638.6 38.57 ± 2.40
250-300um-l 781.9 799.4 3456.4 28.74 ± 211.44
250-300um-2 787.4 799.4 4288.3 35.65 ± 369.71
250-300um-3 784.3 799.4 3153.4 26.22 ± 250.50
250-300um Avg 784.5 799.4 3632.7 30.20 ± 4.89
IllNo6:CS <125um-l 786.2 798.7 5037.9 41.89 ± 270.38
80:20 <125um-2 785.5 798.1 4209.3 35.00 ± 240.93
50K/min <125um-3 786.2 801.3 4556.8 37.89 ± 274.06
N2 <125um Avg 786.0 799.4 4601.3 38.26 ± 3.46
250-300um-l 782.5 800.0 4124.6 34.29 ± 193.01
250-300um-2 782.5 800.6 3746.7 31.15 ± 180.33
250-300um-3 784.9 799.4 4715.6 39.21 ± 188.10
250-300um Avg 783.3 800.0 4195.6 34.88 ± 4.06
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IlINo6:CS <125um-l 561.5 605.7 6538.8 54.36 ± 76.17
50:50 <125um-2 575.7 604.2 7827.3 65.08 ± 97.19
1 OK/m in <125um-3 575.7 607.5 7439.2 61.85 ± 107.64
N2 <125um Avg 571.0 605.8 7268.4 60.43 ± 5.50
250-300um-l 578.7 607.5 5975.5 49.68 ± 130.72
250-300um-2 576.7 605.7 6534.5 54.33 ± 107.73
250-300um-3 575.7 604.6 6072.8 50.49 ± 100.82
250-300um Avg 577.0 605.9 6194.3 51.50 ± 2.48
IllNo6:CS <125um-l 577.7 605.7 6740.3 56.04 ± 115.22
80:20 <125um-2 578.7 603.5 7079.0 58.85 ± 139.58
1 OK/m in <125um-3 579.7 605.0 7073.7 58.81 ± 123.29
N2 <125um Avg 578.7 604.7 6964.3 57.90 ± 1.61
250-300um-l 579.7 605.3 7431.8 61.79 ± 132.89
250-300um-2 581.7 601.3 8408.2 69.91 ± 196.17
250-300um-3 580.0 600.2 7606.6 63.24 ± 149.65
250-300um Avg 580.5 602.3 7815.5 64.98 ± 4.33
HlNo6:CS <125um-l 579.0 600.2 5178.0 43.05 ± 286.20
80:20 <125um-2 577.0 604.6 5694.3 47.34 ± 143.71
lOK/min <125um-3 576.7 601.0 5846.0 48.60 ± 152.00
N2 <125um Avg 577.6 601.9 5572.8 46.33 ± 2.91
250-300um-l 580.7 603.1 6186.1 51.43 ± 244.46
250-300um-2 579.0 603.9 6876.4 57.17 ± 185.25
250-300um-3 577.0 607.9 6268.7 52.12 ± 94.22











IllNo6:CS <125um-l 650.6 726.7 4994.9 41.53 ± 37.36
50:50 <125um-2 654.9 714.3 5675.2 47.18 ± 43.46
1 OK/m in <125um-3 651.9 716.3 5601.9 46.57 ± 43.84
N2 <125um Avg 652.5 719.1 5424.0 45.10 ± 3.10
250-300um-l 657.9 723.1 5025.3 41.78 ± 43.48
250-300um-2 647.7 716.3 5451.2 45.32 ± 37.43
250-300um-3 649.4 715.3 6326.2 52.60 ± 40.32
250-300um Avg 651.6 718.2 5600.9 46.57 ± 5.51
IllNo6:CS <125um-l 657.0 713.8 8134.8 67.63 ± 53.39
80:20 <125um-2 648.9 710.7 8213.3 68.29 ± 47.53
lOK/min <125um-3 651.9 710.2 8257.7 68.65 ± 54.11
N2 <125um Avg 652.6 711.6 8201.9 68.19 ± 0.52
250-300um-l 655.3 705.7 7302.8 60.72 ± 71.94
250-300um-2 659.2 708.2 7390.1 61.44 ± 70.38
250-300um-3 657.5 709.2 7434.2 61.81 ± 57.96
250-300um Avg 657.3 707.7 7375.7 61.32 ± 0.56
IllNo6:CS <125um-l 657.0 716.8 5427.4 45.12 ± 65.00
80:20 <125um-2 650.2 710.7 6174.0 51.33 ± 62.24
lOK/min <125um-3 652.7 710.2 5395.9 44.86 ± 51.18
N2 <125um Avg 653.3 712.6 5665.8 47.11 ± 3.66
250-300um-l 660.1 700.8 9416.4 78.29 ± 85.45
250-300um-2 651.5 701.8 9354.5 77.77 ± 68.62
250-300um-3 650.2 711.7 9126 75.87 ± 47.97












IllNo6:CS <125um-l 758.2 776.4 3577.1 29.74 ± 295.77
50:50 <125um-2 761.0 776.4 3698.9 30.75 ± 328.99
1 OK/m in <125um-3 759.3 777.0 3431.7 28.53 ± 314.40
N2 <125um Avg 759.5 776.6 3569.2 29.67 ± 1.11
250-300um-l 746.3 776.4 5056.2 42.04 ± 139.96
250-300um-2 753.6 786.2 3696.6 30.73 ± 159.08
250-300um-3 746.8 772.2 4858.4 40.39 ± 182.24
250-300um Avg 748.9 778.3 4537.1 37.72 ± 6.11
IllNo6:CS <125um-l 753.6 777.0 4831.4 40.17 ± 231.69
80:20 <125um-2 755.9 776.4 4562.0 37.93 ± 298.84
lOK/min <125um-3 754.7 772.2 5186.8 43.12 ± 280.38
N2 <125um Avg 754.7 775.2 4860.1 40.41 ± 2.61
250-300um-l 753.6 772.8 5636.4 46.86 ± 268.48
250-300um-2 752.4 772.2 5270.4 43.82 ± 340.17
250-300um-3 754.7 773.4 5011.4 41.66 ± 287.82
250-300um Avg 753.6 772.8 5306.1 44.11 ± 2.61
!UNo6:CS <125um-l 747.4 780.0 4985.2 41.45 ± 223.61
80:20 <125um-2 748.5 774.6 6437.1 53.52 ± 207.34
lOK/min <125um-3 755.3 781.9 5764.4 47.93 ± 268.93
N2 <125um Avg 750.4 778.8 5728.9 47.63 ± 6.04
250-300um-l 749.1 771.6 5303.1 44.09 ± 272.28
250-300um-2 748.5 769.8 4057.1 33.73 ± 324.00
250-300um-3 749.6 772.8 5335 44.36 ± 203.69
250-300um Avg 749.1 771.4 4898.4 40.73 ± 6.06
Table A .3-16. Onset and endset temperatures, apparent Ea, and mass loss fractions for pyrolysis o f  PC:BSG
50:50, 80:20, and 90:10 at 100 K/min.
Onset 1 Endset 1 m l Ea 1 Error Mass loss
(K) (K) Ln(k) vs \rX (kJ/mol) (kJ/mol) (%)
PA:BSG <125um-l 546.4 590.0 12728 105.82 ± 2.33 11.732
50:50 <125um-2 545.9 591.7 12638.0 105.07 ± 1.91 11.873
lOOK/min <125um-3 548.2 593.1 12615.0 104.88 ± 1.66 12.355
N2 flow <125um Avg 546.8 591.6 12660.3 105.3 ± 0.50 11.987 ±  0.327
PA:BSG <125um-l 520.8 588.2 9190.6 76.41 ± 1.73 8.118
80:20 <125um-2 522.7 587.5 9696.7 80.62 ± 1.78 7.519
lOOK/min <125um-3 526.3 591.7 9775.2 81.27 ± 1.65 8.479
N2 flow <125um Avg 523.3 589.2 9554.2 79.4 ± 2.64 8.039 ± 0.485
PA:BSG <125um-l 531.9 591.7 9138.9 75.98 ± 1.35 5.051
90:10 <125um-2 523.6 595.2 8499.3 70.66 ± 1.39 6.332
100 K/min <125um-3




Endset 2 m2 Ea 2 Error 
(K) ln(k) vs 1/T (kJ/mol) (kJ/mol)
Mass loss 
(%)
PA:BSG <125um-l 625.8 651.5 2731.3 22.71 ± 0.69 10.583
50:50 <125um-2 626.6 650.4 2701.1 22.46 ± 0.81 9.942
lOOK/min <125um-3 625.0 655.7 2495.3 20.75 ± 0.66 12.791
N2 flow <125um Avg 625.8 652.5 2642.6 22.0 ± 1.07 11.105 ± 1.494
PA:BSG <125um-l 636.9 649.4 1315.9 10.94 ± 1.49 2.966
80:20 <125um-2 630.9 647.7 1142.7 9.50 ± 1.18 4.184
lOOK/min <125um-3 632.9 650.2 1047.5 8.71 ± 1.04 4.216
N2 flow <125um Avg 633.6 649.1 1168.7 9.7 ± 1.13 3.788 ±  0.713
PA:BSG <125um-l 632.9 653.6 939.12 7.81 ± 0.79 3.447
90:10 <125um-2 632.9 653.6 861.9 7.17 ± 0.50 3.484
lOOK/min <125um-3
N2 flow <125um Avg 632.9 653.6 900.5 7.5 ± 0.45 3.466 ± 0.026
Onset 3 Endset 3 m3 Ea 3 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
PA:BSG <125um-l 706.7 756.1 8425.9 70.05 ± 0.83 12.928
50:50 <125um-2 709.2 763.4 8389.0 69.75 ± 0.86 14.147
1 OOK/min <125um-3 708.3 753.6 8456.8 70.31 ± 0.87 11.620
N2 flow <125um Avg 708.1 757.7 8423.9 70.0 ± 0.28 12.898 ± 1.263
PA:BSG <125um-l 704.2 766.3 12618 104.91 ± 1.13 22.071
80:20 <125um-2 704.2 762.2 12444.0 103.46 ± 1.62 21.704
lOOK/min <125um-3 704.2 762.8 12431.0 103.35 ± 1.52 19.763
N2 flow <125um Avg 704.2 763.8 12497.7 103.9 ± 0.87 21.179 ± 1.240
PA:BSG <125um-l 701.3 758.7 14729 122.46 ± 3.83 19.460
90:10 <125um-2 697.8 761.6 14803.0 123.07 ± 3.11 22.220
lOOK/min <125um-3
N2 flow <125um Avg 699.5 760.2 14766.0 122.8 ± 0.44 20.840 ± 1.951
Table A.3-17. Onset and endset temperatures, apparent Ea, and mass loss fractions for pyrolysis o f  PC:BSG
50:50, 80:20, a n d  90:10 a t 50 K /m in .
Onset 1 Endset 1 m l Ea 1 Error Mass loss
(K) (K-) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
PA:BSG <125um-l 536.8 582.8 12773.0 106.19 ± 1.13 12.302
50:50 <125um-2 545.0 582.1 13599.0 113.06 ± 1.21 10.924
50K/min <125um-3 535.6 577.8 12707.0 105.65 ± 1.60 9.632
N2 flow <125um Avg 539.1 580.9 13026.3 108.3 ± 4.13 10.953 ± 1.335
PA:BSG <125um-l 537.6 580.0 11837.0 98.41 ± 1.02 6.608
80:20 <125um-2 531.1 580.4 11468.0 95.34 ± 1.11 6.708
50K/min <125um-3 531.9 581.4 11463.0 95.30 ± 1.13 6.698
N2 flow <125um Avg 533.5 580.6 11589.3 96.4 ± 1.78 6.671 ± 0.055
PA:BSG <125um-l 537.1 583.1 10709.0 89.03 ± 0.89 4.604
90:10 <125um-2 535.3 579.7 11001.0 91.46 ± 1.03 4.180
50K/min <125um-3 531.1 581.4 10328.0 85.87 ± 1.00 4.349
N2 flow <125um Avg 534.5 581.4 10679.3 88.8 ± 2.81 4.378 ± 0.213
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Onset 2 Endset 2 m2 Ea 2 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
PA:BSG <125um-l 621.1 649.4 3245.4 26.98 ± 0.49 11.973
50:50 <125um-2 621.1 646.0 3449.6 28.68 ± 0.59 10.893
50 K/min <125um-3 617.3 637.8 3540.2 29.43 ± 1.82 8.693
N2 flow <125um Avg 619.8 644.4 3411.7 28.4 ± 1.26 10.519 ± 1.672
PA:BSG <125um-l 625.0 645.2 1408.7 11.71 ± 0.54 5.269
80:20 <125um-2 625.0 643.9 1979.8 16.46 ± 0.71 4.752
5 OK/m in <125um-3 625.0 642.3 1964.8 16.34 ± 0.65 4.300
N2 flow <125um Avg 625.0 643.8 1784.4 14.8 ± 2.71 4.773 ± 0.485
PA:BSG <125um-l 625.0 645.2 1503.9 12.50 ± 0.81 3.457
90:10 <125um-2 620.7 643.9 2249.3 18.70 ± 0.71 4.627
50K/min <125um-3 625.0 643.6 1620.0 13.47 ± 0.91 3.268
N2 flow <125um Avg 623.6 644.2 1791.1 14.9 ± 3.33 3.784 ± 0.737
Onset 3 Endset 3 m3 Ea 3 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
PA:BSG <125um-l 703.7 748.5 9416.4 78.29 ± 0.50 12.237
50:50 <125um,-2 703.2 749.1 9155.7 76.12 ± 0.52 12.646
50K/min <125um-3 699.8 746.0 8993.5 74.77 ± 1.05 12.257
N2 flow <125um Avg 702.3 747.9 9188.5 76.4 ± 1.77 12.380 ± 0.231
PA:BSG <125um-l 695.9 755.9 12816.0 106.55 ± 0.45 21.620
80:20 <125um-2 699.8 749.1 12752.0 106.02 ± 0.80 17.192
50K/min <125um-3 695.4 753.6 12904.0 107.28 ± 0.67 20.082
N2 flow <125um Avg 697.0 752.8 12824.0 106.6 ± 0.63 19.631 ± 2.248
PA:BSG <125um-l 696.4 755.9 14721.0 122.39 ± 0.75 24.208
90:10 <125um-2 692.0 755.3 14367.0 119.45 ± 0.72 24.281
50K/min <125um-3 697.8 744.6 14275.0 118.68 ± 1.56 16.003
N2 flow <125um Avg 695.4 751.9 14454.3 120.2 ± 1.96 21.497 ± 4.758
Table A.3-18. Onset and endset temperatures, and apparent Ea for pyrolysis o f PC:BSG 50:50, 80:20, and











PA:BSG <125um-l 519.2 561.8 13208 109.81 ± 0.52
50:50 <125tun-2 524.1 559.9 13220.0 109.91 ± 0.59
10 K/min <125um-3 523.8 561.8 13515.0 112.36 ± 0.50
N2 flow <125um Avg 522.4 561.2 13314.3 110.7 ± 1.45
PA:BSG <125um-l ±
80:20 <125um-2 523.6 565.0 12519.0 104.08 ± 0.81
lOK/min <125um-3 516.5 561.8 12260.0 101.93 ± 0.70
N2 flow <125um Avg 520.0 563.4 12389.5 103.0 ± 1.52
PA:BSG <125um-l 523.6 565.0 11877 98.75 ± 1.15
90:10 <125um-2 518.4 564.0 11675.0 97.07 ± 0.91
lOK/min <125um-3 514.7 564.7 11335.0 94.24 ± 0.74












PA:BSG <125um-l 598.8 625.0 2846.8 23.67 ± 0.99
50:50 <125um-2 598.8 625.8 3271.3 27.20 ± 1.06
lOK/min <125um-3 601.0 626.6 3078.2 25.59 ± 1.06
N2 flow <125um Avg 599.5 625.8 3065.4 25.5 ± 1.77
PA:BSG <125um-l t
80:20 <125um-2 598.8 626.6 1287.7 10.71 ± 1.08
lOK/min <125um-3 598.8 628.9 1233.0 10.25 ± 1.18
N2 flow <125um Avg 598.8 627.7 1260.4 10.5 ± 0.32
PA:BSG <125um-l 602.4 625.8 1027.4 8.54 ± 1.53
90:10 <125um-2 599.2 626.6 1439.8 11.97 ± 1.21
lOK/min <125um-3 587.2 622.7 881.0 7.32 ± 0.89
N2 flow <125um Avg 596.3 625.0 1116.1 9.3 ± 2.41
Onset 3 Endset 3 m3 Ea 3 Error
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol)
PA:BSG <125um-l 672.5 729.9 8953.6 74.44 ± 0.42
50:50 <125um-2 671.1 735.3 8586.0 71.38 ± 0.50
lOK/min <125um-3 675.7 722.0 9204.8 76.53 dfc 0.53
N2 flow <125um Avg 673.1 729.1 8914.8 74.1 ± 2.59
PA:BSG <125um-l ±
80:20 <125um-2 670.7 726.7 13631.0 113.33 ± 0.52
lOK/min <125um-3 671.1 726.2 13541.0 112.58 ± 0.53
N2 flow <125um Avg 670.9 726.5 13586.0 113.0 ± 0.53
PA:BSG <125um-l 666.7 724.6 15269 126.95 ± 0.55
90:10 <125um-2 664.0 723.6 15013.0 124.82 ± 0.53
lOK/min <125um-3 664.0 721.0 14955.0 124.34 ± 0.53
N2 flow <125um Avg 664.9 723.1 15079.0 125.4 ± 1.39
Table A.3-19. Onset and endset temperatures, apparent Ea, and mass loss fractions for pyrolysis o f PC:CBS 
50:50, 80:20, and 90:10 at 100 K/min.______________________________________________
Onset 1 Endset 1 m l Ea 1 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
PC:CBS <125um-l 429.2 515.5 4774.9 39.70 ± 0.40 6.913
50:50 <125um-2 426.3 511:8 4866.5 40.46 ± 0.43 5.895
lOOK/min <125um-3 507.6 591.0 6347.8 52.78 ± 0.62 27.159
N2 flow <125um Avg 454.35 539.42 5329.73 44.31 ± 7.34 13.322 ± 11.993
250-300um-l 446.4 502.5 5375.4 44.69 ± 0.80 3.692
250-300um-2 444.4 507.6 5594.9 46.52 ± 0.76 4.578
250-300um-3 444.4 510.2 5799.2 48.21 ± 0.82 4.602
250-300um Avg 445.1 506.8 5589.8 46.5 dfc 1.76 4.291 0.519
POCBS <125um-l 438.6 521.6 3965.6 32.97 ± 0.61 4.193
80:20 <125um-2 441.1 513.9 3836.5 31.90 ± 0.55 3.449
lOOK/min <125um-3 434.8 526.3 3856.7 32.06 ± 0.43 4.901
N2 flow <125um Avg 438.16 520.61 3886.27 32.31 ± 0.58 4.181 ± 0.727
250-300um-l 446.4 512.8 4586.7 38.13 ± 0.78 2.910
250-300um-2 446.6 524.9 4798.0 39.89 ± 0.62 4.138
250-300um-3 446.4 513.1 4273.6 35.53 ± 0.79 3.498
250-300um Avg 446.50 516.95 4552.77 37.85 dt 2.19 3.516 dfc 0.614
PC:CBS <125um-l 478.2 520.8 2832.7 23.55 ± 0.72 2.234
90:10 <125um-2 434.8 497.5 2453.5 20.40 ± 0.37 1.844
lOOK/min <125um-3 438.6 537.9 2795.8 23.24 ± 0.54 3.912
N2 flow <125um Avg 450.54 518.76 2694.00 22.40 ± 1.74 2.663 ± 1.099
250-300um-l 448.4 515.2 3439.1 28.59 ± 0.72 2.090
250-300um-2 447.4 509.9 3159.3 26.27 ± 0.63 2.007
250-300um-3 446.2 516.5 3434.7 28.56 ± 0.70 2.005














PC:CBS <125um-l 529.1 568.8 4171.4 34.68 ± 0.80 9.318
50:50 <125um-2 526.3 566.9 4357.9 36.23 ± 0.96 9.631
lOOK/min <125um-3 598.4 646.0 5356.3 44.53 ± 1.16 16.574
N2 flow <125um Avg 551.29 593.91 4628.53 38.48 ± 5.30 11.841 dk 4.102
250-300um-l 518.1 552.5 3472.5 28.87 ± 1.02 7.561
250-300um-2 526.3 552.5 3699.4 30.76 ± 1.29 5.883
250-300um-3 523.6 552.5 3542.4 29.45 ± 1.18 6.606
250-300um Avg 522.7 552.5 3571.4 29.7 ± 0.97 6.683 ±  0.842
PC:CBS <125um-l 528.0 568.5 3960.7 32.93 ± 0.74 5.301
80:20 <125um-2 519.2 569.5 3834.7 31.88 ± 0.66 6.115
lOOK/min <125um-3 523.0 572.4 3804.9 31.63 ± 0.67 6.375
N2 flow <125um Avg 523.40 570.13 3866.77 32.15 ± 0.69 5.930 ±  0.561
250-300um-l 521.4 559.3 3424.6 28.47 ± 0.77 4.518
250-300um-2 513.3 554.3 3588.1 29.83 ± 0.71 4.730
250-300um-3 520.6 563.7 3616.1 30.06 ± 0.71 5.717
250-300um Avg 518.43 559.10 3542.93 29.46 ± 0.86 4.988 ±  0.640
PC:CBS <125um-l 529.7 569.2 3798.9 31.58 ± 0.92 3.359
90:10 <125um-2 573.1 573.1 3623.0 30.12 ± 0.55 3.679
lOOK/min <125um-3 520.3 573.1 3719.6 30.92 ± 0.71 4.274
N2 flow <12Sum Avg 541.01 571.76 3713.83 30.88 dk 0.73 3.771 ±  0.464
250-300um-l 520.8 560.2 3214.4 26.72 ± 0.91 2.731
250-300um-2 513.4 560.3 3311.0 27.53 ± 0.67 3.291
250-300um-3 513.6 564.0 3403.6 28.30 ± 0.63 3.148
250-300um Avg 515.94 561.52 3309.67 27.52 ± 0.79 3.056 ±  0.291
Onset 3 Endset 3 m3 Ea 3 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
PC:CBS <125um-l 588.2 618.0 5818.3 48.37 ± 10.155
50:50 <125um-2 588.2 617.3 5878.7 48.88 ± 1.62 10.182
lOOK/min <125um-3 666.7 694.9 7903.6 65.71 ± 1.79 6.843
N2 flow <125um Avg 614.38 643.42 6533.53 54.32 ± 9.87 9.060 ±  1.920
250-300um-l 598.8 617.3 6105.5 50.76 ± 1.95 6.637
250-300um-2 591.7 613.5 5486.9 45.62 ± 1.83 7.104
250-300um-3 591.7 617.3 5624.6 46.76 ± 1.95 7,889
250-300um Avg 594.1 616.0 5739.0 47.7 ± 2.70 7.210 dk 0.633
PC:CBS <125um-l 590.0 620.7 5132.9 42.67 ± 1.27 6.117
80:20 <125um-2 588.2 621.1 4917.5 40.88 ± 1.22 6.363
100 K/min <125um-3 591.7 621.1 5088.8 42.31 ± 1.40 5.853
N2 flow <125um Avg 589.97 620.99 5046.40 41.96 ± 0.95 6.111 ±  0.255
250-300ura-l 590.3 614.3 4749.9 39.49 ± 1.67 4.461
250-300um-2 590.7 616.5 4698.1 39.06 ± 1.57 4.823
250-300um-3 591.0 616.9 5280.8 43.90 ± 1.87 5.132
250-300um Avg 590.67 615.89 4909.60 40.82 ± 2.68 4.805 ±  0.336
PC:CBS <125um-l 581.1 621.9 4182.2 34.77 ± 1.05 5.214
90:10 <125um-2 585.8 624.2 4371.7 36.35 ± 0.93 5.186
lOOK/min <125um-3 579.7 624.2 3964.0 32.96 ± 0.98 5.854
N2 flow <125um Avg 582.20 623.44 4172.63 34.69 ± 1.70 5.418 ±  0.378
250-300um-l 589.3 616.9 4202.3 34.94 ± 1.25 3.194
250-300um-2 585.8 615.8 3979.7 33.09 ± 1.58 3.574
250-300um-3 593.1 622.1 4266.5 35.47 ± 1.31 3.319














PC:CBS <125um-l 662.3 680.3 3755.2 31.22 ± 1.22 4.119
50:50 <125um-2 662.3 680.3 3791.8 31.53 1.27 4.163
lOOK/min <125um-3 728.3 755.9 3789.7 31.51 ± 1.71 7.482
N2 flow <125um Avg 684.28 705.47 3778.90 31.42 ± 0.17 5.255 ± 1.929
250-300um-l 662.3 680.3 1289.3 10.72 ± 0.95 4.079
250-300um-2 662.3 675.7 1253.0 10.42 ± 1.44 2.905
250-300um-3 662.3 679.3 1145.2 9.52 ± 1.15 3.652
250-300um Avg 662.3 678.4 1229.2 10.2 ± 0.62 3.545 ± 0.594
Onset 5 Endset 5 m5 Ea 5 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
PCrCBS <125um-l 709.7 757.6 9832.6 81.75 ± 1.23 12.429
50:50 <125um-2 709.2 759.3 9588.1 79.72 ± 1.13 12.837
lOOK/min <125um-3 783.7 831.9 12277.0 102.07 ± 1.58 7.078
N2 flow <125um Avg 734.21 782.94 10565.90 87.84 ± 12.36 10.781 ± 3.214
250-300um-l 709.2 751.9 6822.9 56.73 dfc 1.23 10.705
250-300um-2 709.2 746.3 6964.7 57.90 ± 1.30 8.821
250-300um-3 709.2 751.9 6749.6 56.12 ± 1.25 10.837
250-300um Avg 709.2 750.0 6845.7 56.9 ± 0.91 10.121 ± 1.128
PC:CBS <125um-l 702.7 761.6 14654.0 121.83 ± 2.12 19.855
80:20 <125um-2 704.2 758.2 14523.0 120.74 ± 2.13 28.721
lOOK/min <125um-3 694.4 762.2 13342.0 110.93 ± 1.23 32.000
N2 flow <125um Avg 700.47 760.65 14173.00 117.83 ± 6.01 26.859 ± 6.283
250-300um-l 701.3 754.7 12168.0 101.16 ± 3.05 16.343
250-300um-2 701.3 753.0 11933.0 99.21 ± 3.01 15.404
250-300um-3 695.4 754.1 11128.0 92.52 ± 1.75 17.152
250-300um Avg 699.31 753.96 11743.00 97.63 ± 4.53 16.300 ± 0.875
PC:CBS <125um-l 694.4 769.2 14594.0 121.33 ± 1.48 28.319
90:10 <125um-2 694.4 751.9 14181.0 117.90 ± 2.78 16.899
lOOK/min <125um-3 694.4 757.6 14710.0 122.30 dfc 2.98 20.731
N2 flow <125um Avg 694.44 759.56 14495.00 120.51 ± 2.31 21.983 ± 5.812
250-300um-l 732.6 752.0 28778.0 239.26 ± 7.25 9.305
250-300um-2 732.6 754.3 23960.0 199.20 ± 5.60 10.121
250-300um-3 732.6 753.0 33107.0 275.25 ± 5.38 9.768
250-300um Avg 732.60 753.11 28615.00 237.91 ± 38.04 9.732 ± 0.409
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Table A.3-20. Onset and endset temperatures, apparent Ea, and mass loss fractions for pyrolysis o f PC:CBS





m l Ea 1 





PA:CBS <125um-l 446.4 518.4 5231.4 43.49 ± 0.32 7.214
50:50 <125um-2 453.5 512.8 5390.7 44.82 ± 0.44 6.711
50K/min <125um-3 448.4 512.0 5374.3 44.68 ± 0.35 5.998
N2 flow <125um Avg 449.5 514.4 5332.1 44.3 ± 0.73 6.641 ±  0.611
250-300um-l 452.0 511.3 5947 49.44 ± 0.55
250-300um-2 443.3 512.8 5862.9 48.74 ± 0.51
250-300um-3 451.7 510.5 5897.1 49.03 ± 0.43
250-300um Avg 449.0 511.5 5902.3 49.1 ± 0.35
PA:CBS <125um-l 452.7 517.1 5017.3 41.71 ± 0.36 3.609
80:20 <125um-2 440.3 517.9 4951.6 41.17 ± 0.23 3.874
50K/min <125um-3 448.8 512.8 4962.8 41.26 ± 0.33 3.649
N2 flow <125um Avg 447.3 515.9 4977.2 41.4 ± 0.29 3.711 ±  0.143
250-300um-l 449.8 507.4 5458.7 45.38 ± 0.37
250-300um-2 460.0 516.3 5690.9 47.31 ± 0.55
250-300um-3 459.8 514.4 5557.1 46.20 ± 0.52
250-300um Avg 456.5 512.7 5568.9 46.3 ± 0.97
PA:CBS <125um-l 447.6 521.5 4478.8 37.24 ± 0.35 2.568
90:10 <125um-2 450.5 514.1 4490.2 37.33 ± 0.48 2.134
50K/min <125um-3 452.7 514.7 4398.7 36.57 ± 0.34 2.077
N2 flow <125um Avg 450.3 516.8 4455.9 37.0 ± 0.41 2.260 ±  0.269
250-300um-l 432.9 490.4 4725.8 39.29 ± 0.86
250-300um-2 454.1 487.3 4551.6 37.84 ± 0.82
250-300um-3 459.1 515.7 4616.6 38.38 ± 0.74
250-300um Avg 448.7 497.8 4631.3 38.5 ± 0.73
Onset 2 Endset 2 m2 Ea 2 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
PA:CBS <125um-l 527.4 560.2 5604.9 46.60 ± 0.82 8.183
50:50 <125um-2 524.4 561.5 4977.7 41.38 ± 0.79 8.857
50K/min <125um-3 528.0 559.6 5536.2 46.03 ± 0.83 7.572
N2 flow <125um Avg 526.6 560.4 5372.9 44.7 ± 2.86 8.204 ± 0.643
250-300um-l 529.1 561.8 5302.1 44.08 ± 0.73
250-300um-2 531.9 556.5 6212.2 51.65 ± 0.95
250-300um-3 529.7 556.2 6057.9 50.37 ± 0.92
250-300um Avg 530.2 558.2 5857.4 48.7 ± 4.05
PA:CBS <125um-l 526.0 564.7 4768.4 39.64 ± 0.68 5.240
80:20 <125um-2 525.3 561.8 4798.0 39.89 ± 0.69 4.810
50K/min <125um-3 534.5 560.7 5321.6 44.24 ± 0.86 3.658
N2 flow <125um Avg 528.6 562.4 4962.7 41.3 ± 2.59 4.569 ± 0.818
250-300um-l 525.2 553.4 5121.1 42.58 ± 0.93
250-300um-2 531.7 558.7 4886.1 40.62 ± 0.83
250-300um-3 524.4 555.2 4970.8 41.33 ± 1.00
250-300um Avg 527.1 555.8 4992.7 41.5 ± 0.99
PA:CBS <125um-l 515.5 557.7 4153.6 34.53 ± 0.73 3.135
90:10 <125um-2 523.0 561.5 4782.8 39.76 ± 0.75 3.104
5 OK/m in <125um-3 530.2 563.1 4959.9 41.24 ± 0.63 2.841
N2 flow <125um Avg 522.9 560.8 4632.1 38.5 ± 3.52 3.027 ±  0.161
250-300um-l 512.6 556.5 4001.2 33.27 ± 0.71
250-300um-2 528.3 557.7 5192.7 43.17 ± 0.98
250-300um-3 523.3 559.3 4538.1 37.73 ± 0.80














PA:CBS <125um-l 582.8 613.9 6738.8 56.03 ± 0.91 10.563
50:50 <125um-2 583.8 611.6 6887.3 57.26 ± 0.92 9.289
50K/min <125um-3 582.8 612.4 6865.4 57.08 ± 0.87 10.035
N2 flow <125um Avg 583.1 612.6 6830.5 56.8 ± 0.67 9.962 ± 0.640
250-300um-l 583.8 610.5 7884.9 65.56 1.14
250-300um-2 587.2 609.4 8266.2 68.73 ± 1.26
250-300um-3 584.1 611.6 7667.2 63.75 ± 1.09
250-300um Avg 585.0 610.5 7939.4 66.0 ± 2.52
PA:CBS <125um-l 579.4 615.0 5663.5 47.09 ± 0.81 7.618
80:20 <125um-2 581.1 613.5 5781.0 48.06 ± 0.79 6.623
50K/min <125um-3 581.7 617.7 5656.4 47.03 ± 0.81 7.658
N2 flow <125um Avg 580.7 615.4 5700.3 47.4 ± 0.58 7.300 ± 0.587
250-300um-l 584.1 610.5 6919 57.52 ± 1.10
250-300um-2 586.9 611.6 7312.7 60.80 ± 1.07
250-300um-3 584.8 610.5 6955.0 57.82 ± 1.10
250-300um Avg 585.3 610.9 7062.2 58.7 ± 1.81
PA:CBS <125um-l 580.7 616.1 5234.4 43.52 ± 0.56 5.066
90:10 <125um-2 577.0 615.8 5011.1 41.66 ± 0.69 5.378
50IC/min <125um-3 579.4 617.3 4866.8 40.46 ± 0.60 5.194
N2 flow <125um Avg 579.0 616.4 5037.4 41.9 ± 1.54 5.213 ±  0.157
250-300um-l 580.0 613.5 5530.3 45.98 ± 0.80
250-300um-2 584.8 617.3 5517.7 45.87 ± 0.70
250-300um-3 583.4 614.6 5559.1 46.22 ± 0.87
250-300um Avg 582.8 615.1 5535.7 46.0 ± 0.18
Onset 4 Endset 4 m4 Ea 4 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
PA:CBS <125um-l 647.7 667.6 3352.8 27.88 ± 0.77 4.999
50:50 <125um-2 648.9 669.3 3000.5 24.95 ± 0.81 4.840
50K/min <125um-3 651.0 667.6 3561.4 29.61 ± 0.74 3.962
N2 flow <125um Avg 649.2 668.2 3304.9 27.5 ± 2.36 4.600 ± 0.558
250-300um-l 649.4 663.6 1137.5 9.46 ± 1.07
250-300um-2 648.9 663.1 2184.9 18.17 ± 1.01
250-300um-3 647.7 663.1 2167.7 18.02 ± 1.17
250-300um Avg 648.6 663.3 1830.0 15.2 ± 4.99
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Onset 5 Endset 5 m5 Ea 5 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
PA:CBS <125um-l 701.3 745.7 9275.8 77.12 ± 0.67 10.175
50:50 <125um-2 703.7 747.9 8896.2 73.96 ± 0.68 10.304
50K/min <125um-3 702.7 749.6 9382.6 78.01 ± 0.56 11.755
N2 flow <125um Avg 702.6 747.8 9184.9 76.4 ± 2.13 10.745 ± 0.877
250-300um-l 702.7 748.5 10170 84.55 ± 0.66
250-300um-2 701.8 746.8 10022.0 83.32 ± 0.75
250-300um-3 706.2 744.6 10565.0 87.84 ± 0.74
250-300um Avg 703.6 746.6 10252.3 85.2 ± 2.33
PA:CBS <125um-l 694.0 749.6 14127 117.45 ± 0.67 19.189
80:20 <125um-2 698.3 754.1 14374.0 119.51 ± 0.62 20.828
50KAnin <125um-3 691.6 755.9 13692.0 113.84 ± 0.66 22.339
N2 flow <125um Avg 694.6 753.2 14064.3 116.9 ± 2.87 20.785 ± 1.576
250-300um-l 689.7 747.9 13762 114.42 ± 0.71
250-300um-2 694.0 751.9 13185.0 109.62 ± 0.63
250-300um-3 694.4 746.3 13677.0 113.71 ± 0.70
250-300um Avg 692.7 748.7 13541.3 112.6 ± 2.59
PA:CBS <125um-l 687.0 755.3 14784 122.91 ± 0.76 25.052
90:10 <125um-2 694.9 750.2 14850.0 123.46 ± 0.69 20.959
50K/min <125um-3 694.4 750.2 15712.0 130.63 ± 1.98 20.826
N2 flow <125um Avg 692.1 751.9 15115.3 125.7 ± 4.30 22.279 ± 2.402
250-300um-l 689.7 757.6 14761 122.72 ± 0.55
250-300um-2 686.8 751.9 14620.0 121.55 ± 0.63
250-300um-3 687.8 751.9 14681.0 122.06 ± 0.61
250-300um Avg 688.1 753.8 14687.3 122.1 ± 0.59
Table A.3-21. Onset and endset temperatures, apparent Ea, and mass loss fractions for pyrolysis of PC:CBS 
50:50, 80:20, and 90:10 at 10 K/min._______________________________________________
Onset 1 Endset 1 m l Ea 1 Error Mass loss
(K.) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
PA:CBS <125um-l 454.1 495.0 5858.9 48.71 ± 0.66 4.174
50:50 <125um-2 458.7 488.3 6164.2 51.25 ± 0.85 2.968
lOK/min <125um-3 452.7 488.5 6255.2 52.01 ± 0.66 3.228
N2 flow <125um Avg 455.2 490.6 6092.8 50.7 ± 1.73 3.457 ± 0.635
250-300um-l 472.8 500.0 4561.2 37.92 ± 1.12
250-300um-2 462.3 438.6 6443.7 53.57 ± 0.96
250-300um-3 458.7 492.6 7544.0 62.72 ± 0.82
250-300um Avg 464.6 477.1 6183.0 51.4 ± 12.54
PA:CBS <125um-l 470.8 497.5 6945.6 57.75 ± 1.83 1.456
80:20 <125um-2 465.8 498.0 7124.4 59.23 ± 1.27 1.735
lOK/min <125um-3 464.3 496.5 6925.3 57.58 ± 0.89 1.795
N2 flow <125um Avg 466.9 497.3 6998.4 58.2 ± 0.91 1.662 ± 0.181
250-300um-l 459.6 496.8 6022.4 50.07 ± 1.41
250-300um-2 449.0 494.6 6154.7 51.17 ± 1.21
250-300um-3 468.8 493.3 7181.2 59.70 ± 1.11
250-300um Avg 459.1 494.9 6452.8 53.6 ± 5.27
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Onset 2 Endset 2 m2 Ea 2 Error Mass loss
(K) (K) ln (k )v s l /T  (kJ/mol) (kJ/mol) (%)
PA:CBS <125um-l 512.3 537.6 6800.4 56.54 ± 0.93 6.098
50:50 <125um-2 511.8 539.7 6966.3 57.92 ± 0.87 6.965
10 K/min <125um-3 514.9 540.5 7155.5 59.49 ± 0.87 6.502
N2 flow <125um Avg 513.0 539.3 6974.1 58.0 ± 1.48 6.522 ± 0.434
250-300um-l 500.0 538.2 6169.6 51.29 ± 0.47
250-300um-2 511.2 537.6 7912.6 65.79 ± 0.90
250-300um-3 516.6 534.5 7343.0 61.05 ± 1.55
250-300um Avg 509.3 536.8 7141.7 59.4 ± 7.39
PA:CBS <125um-l 508.6 536.5 5611.3 46.65 ± 0.90 3.158
80:20 <125um-2 506.1 537.3 5148.8 42.81 0.83 3.524
10 K/min <125um-3 508.1 537.9 5325.6 44.28 ± 0.68 3.613
N2 flow <12Sum Avg 507.6 537.2 5361.9 44.6 ± 1.94 3.432 ± 0.241
250-300um-l 509.4 538.5 6604.2 54.91 ± 1.17
250-300um-2 508.1 537.9 6907.3 57.43 ± 1.28
250-300um-3 513.1 540.5 7322.6 60.88 ± 0.72
250-300um Avg 510.2 539.0 6944.7 57.7 ± 3.00
PA:CBS <125um-l 500.0 543.5 5376.5 44.70 ± 0.88 2.757
90:10 <125um-2
10 K/min <125um-3 510.2 540.5 5962.6 49.57 ± 0.96 2.208
N2 flow <125um Avg 505.1 542.0 5669.6 47.1 ± 3.45 2.482 ± 0.388
250-300um-l 510.2 540.5 6298.3 52.36 ± 1.52
250-300um-2 506.8 540.5 5527.8 45.96 ± 1.61
250-300um-3 511.2 541.7 6102.6 50.74 ± 2.39
250-300um Avg 509.4 540.9 5976.2 49.7 ± 3.33
Onset 3 Endset 3 m3 Ea 3 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
PA:CBS <125um-l 561.8 585.1 7812.1 64.95 ± 1.13 8.556
50:50 <125um-2 566.6 585.8 8481.8 70.52 ± 1.23 7.404
10 K/min <125um-3 562.4 589.6 7702.0 64.03 ± 1.08 10.242
N2 flow <125um Avg 563.6 586.9 7998.6 66.5 ± 3.51 8.734 ±  1.428
250-300um-l 557.7 589.3 7414.7 61.65 ± 0.95
250-300um-2 565.0 587.9 8407.3 69.90 ± 1.21
250-300um-3 562.4 586.5 8650.8 71.92 ± 1.14
250-300um Avg 561.7 587.9 8157.6 67.8 ± 5.44
PA:CBS <125um-l 561.5 589.6 7345.6 61.07 ± 1.15 6.089
80:20 <125um-2 561.8 585.5 7192.1 59.80 ± 1.16 4.993
10 K/min <125um-3 560.9 588.2 7091.1 58.96 ± 0.79 5.945
N2 flow <125um Avg 561.4 587.8 7209.6 59.9 ± 1.07 5.676 ± 0.595
250-300um-l 564.3 588.2 7476.2 62.16 ± 1.32
250-300um-2 563.1 589.3 7209.6 59.94 ± 1.48
250-300um-3 564.3 587.2 7681.4 63.86 ± 1.09
250-300um Avg 563.9 588.2 7455.7 62.0 ± 1.97
PA:CBS <125um-l 561.2 591.0 6327.8 52.61 ± 1.05 3.842
90:10 <125um-2
lOK/min <125um-3 561.2 591.0 6881.2 57.21 ± 0.84 4.277
N2 flow <125um Avg 561.2 591.0 6604.5 54.9 ± 3.25 4.059 ± 0.308
250-300um-l 561.2 593.5 6350.6 52.80 ± 1.07
250-300um-2 560.5 593.5 6334.9 52.67 ± 1.07
250-300um-3 557.7 592.4 5842.5 48.57 ± 1.15
250-300um Avg 559.8 593.1 6176.0 51.3 ± 2.40
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Onset 5 Endset 5 m5 Ea 5 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
PA:CBS <125um-l 676.1 719.9 9809.5 81.56 ± 0.92 10.342
50:50 <125um-2 677.5 719.4 10060.0 83.64 ± 0.69 10.022
1 OK/m in <125um-3 680.3 719.4 10154.0 84.42 ± 0.73 9.436
N2 flow <125um Avg 678.0 719.6 10007.8 83.2 ± 1.48 9.933 ± 0.459
250-300um-l 695.4 714.5 12617 104.90 ± 2.14
250-300um-2 677.7 720.5 9931.0 82.57 ± 0.88
250-300um-3 684.9 717.4 10563.0 87.82 ± 1.03
250-300um Avg 686.0 717.5 11037.0 91.8 ± 11.68
PA:CBS <125um-l 672.0 719.4 14330 119.14 ± 0.61 16.629
80:20 <125um-2 672.0 715.3 14277.0 118.70 ± 0.71 14.379
lOK/min <125um-3 671.1 721.0 13895.0 115.52 ± 0.54 17.161
N2 flow <125um Avg 671.7 718.6 14167.3 117.8 ± 1.97 16.056 ± 1.477
250-300um-l 668.9 715.3 13691 113.83 ± 0.61
250-300um-2 669.3 717.9 13673.0 113.68 ± 0.60
250-300um-3 666.7 719.4 13498.0 112.22 ± 0.55
250-300um Avg 668.3 717.5 13620.7 113.2 ± 0.89
PA'.CBS <125um-l 666.2 724.6 15497 128.84 ± 0.54 23.261
90:10 <125um-2
1 OK/min <125um-3 664.5 718.4 15343.0 127.56 ± 0.52 19.496
N2 flow <125um Avg 665.3 721.5 15420.0 128.2 ± 0.91 21.379 ± 2.662
250-300um7l 668.9 718.9 15561 129.37 ± 0.54
250-300um-2 665.3 714.3 15290.0 127.12 ± 0.62
250-300um-3 667.6 716.8 15633.0 129.97 ± 0.64
250-300um Avg 667.3 716.7 15494.7 128.8 ± 1.50
Table A.3-22. Onset and endset temperatures, apparent Ea, and mass loss fractions for pyrolysis of PC:CS 













PC:CS <125um-l 461.5 529.1 5289.4 43.98 ± 0.64
50:50 <125um-2 471.7 523.8 5460.1 45.40 ± 0.65
100 K/min <125um-3 461.3 516.5 5147.9 42.80 ± 0.84
N2 flow <125um Avg 464.81 523.15 44.06 ± 1.30
PC:CS <125um-l 534.8 594.2 5479.9 45.56 ± 0.78
80:20 <125um-2 534.2 593.8 5915.8 49.18 ± 0.84
lOOK/min <125um-3 529.1 592.4 5419.0 45.05 ± 0.78
N2 flow <125um Avg 532.68 593.47 46.60 2.25
PC:CS <125um-l 533.6 599.2 5900.4 49.06 0.71 6.975
90:10 <125um-2 536.2 595.9 6100.9 50.72 ± 0.69 6.183
lOOK/min <125nm-3 530.8 592.4 6036.6 50.19 ± 0.73 6.317










Error Mass loss 
(U/mol) (%)
PC:CS <125um-l 538.8 607.0 6727.4 55.93 ± 0.56
50:50 <125um-2 547.0 606.8 6958.3 57.85 ± 0.72
lOOK/min <125um-3 537.6 609.8 6768.0 56.27 ± 0.56
N2 flow <125um Avg 541.16 607.84 56.68 ± 1.02
PC:CS <125um-l 599.2 639.8 3939.1 32.75 ± 0.95
80:20 <125um-2 602.4 649.4 3374.2 28.05 ± 1.10
lOOK/min <125um-3 600.6 640.6 3473.7 28.88 ± 1.11
N2 flow <125um Avg 600.72 643.25 29.89 ± 2.51
PC:CS <125um-l 606.8 640.2 3912.8 32.53 ± 0.99 6.445
90:10 <125um-2 611.2 641.0 4070.2 33.84 ± 1.06 5.991
lOOK/min <125um-3 609.0 641.0 3809.9 31.68 ± 1.08 6.054
N2 flow <125um Avg 609.02 640.75 32.68 ± 1.09 6.163 ± 0.245
Onset 3 Endset 3 m3 Ea 3 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
PC:CS <125um-l 704.2 751.9 10246.0 85.19 ± 1.17
50:50 <125um-2 701.8 752.4 10003.0 83.16 ± 1.22
IOOK/min <125um-3 703.2 757.6 10208.0 84.87 1.07
N2 flow <125um Avg 703.07 753.97 84.41 ± 1.09
PC:CS <125um-l 695.9 757.0 14675.0 122.01 ± 1.22
80:20 <125um-2 696.4 758.7 14910.0 123.96 ± 1.25
100 K/min <125um-3 691.6 762.2 14345.0 119.26 ± 1.12
N2 flow <125um Avg 694.61 759.31 121.74 ± 2.36
PC:CS <125um-l 693.5 758.7 14239.0 118.38 ± 1.23 21.272
90:10 <125um-2 701.3 758.2 14473.0 120.33 ± 1.33 20.142
lOOK/min <125um-3 694.4 759.3 14198.0 118.04 ± 1.22 21.393
N2 flow <125um Avg 696.40 758.73 118.92 ± 1.23 20.936 ±  0.690
Table A.3-23. Onset and endset temperatures, apparent Ea, and mass loss fractions for pyrolysis of PC:CS 













PC:CS <125um-l 440.5 502.5 8201.8 68.19 ± 0.50
50:50 <125um-2 446.6 507.6 8218.9 68.33 ± 0.46
50K/min <125um-3 442.5 500.0 8260.8 68.68 ± 0.50
N2 flow <125um Avg 443.21 503.38 68.40 ± 0.25
PC:CS <125um-l
80:20 <125um-2 451.1 501.3 5055.4 42.03 ± 0.74
50K/min <125um-3 457.2 496.8 5441.9 45.24 ± 0.97
N2 flow <125um Avg 454.15 499.01 43.64 ± 2.27
PC:CS <125um-l 440.9 503.5 5191.8 43.16 ± 1.08
90:10 <125um-2 434.8 492.6 5754.0 47.84 ± 0.65 0.288
5 OK/m in <125um-3 450.5 507.6 5651.5 46.99 ± 0.45 0.419














PC:CS <125um-l 528.3 582.8 7172.3 59.63 ± 0.34
50:50 <125um-2 529.1 584.5 7159.1 59.52 ± 0.34
50K/min <125um-3 531.9 591.7 7138.7 59.35 ± 0.30
N2 flow <125um Avg 529.76 586.31 59.50 dt 0.14
PC:CS <125um-l 536.2 578.4 7424.2 61.72 ± 0.65
80:20 <125um-2 532.5 582.1 7131.4 59.29 ± 0.53
50K/min <125um-3 527.4 580.0 7197.5 59.84 ± 0.54
N2 flow <125um Avg 532.03 580.16 60.29 ± 1.28
PC:CS <125um-l 534.8 582.9 7542.7 62.71 ± 0.66 4.824
90:10 <125um-2 529.9 581.1 7304.3 60.73 ± 0.52 4.579
50K/min <125um-3 529.7 580.0 7329.6 60.94 ± 0.54 4.855
N2 flow <125um Avg 531.45 581.34 61.46 ± 1.09 4.717 0.196
Onset 3 Endset 3 m3 Ea 3 Error Mass loss
(K.) (K) ln(k) vs I T (kJ/mol) (kJ/mol) (%)
PC:CS <125um-l 602.4 629.3 6223.4 51.74 ± 0.75
50:50 <125um-2 602.8 629.7 6141.8 51.06 ± 0.64
50K/min <125um-3 596.7 632.9 5939.0 49.38 ± 0.63
N2 flow <125um Avg 600.61 630.65 50.73 ± 1.22
PC:CS <125um-l 608.6 629.3 5485.2 45.60 ± 1.33
80:20 <125um-2 607.6 630.1 5181.8 43.08 ± 0.92
50K/min <125um-3 608.6 630.9 5692.6 47.33 ± 1.09
N2 flow <125um Avg 608.31 630.12 45.34 ± 2.14
PC:CS <125um-l 545.0 581.4 7706.7 64.07 ± 0.87 4.054
90:10 <125um-2 609.8 632.9 5559.3 46.22 ± 1.05 4.782
50K/min <125um-3 610.9 629.3 6112.8 4.05 ± 1.33 1.557
N2 flow <125um Avg 588.53 614.54 38.11 ± 30.82 3.169 2.280
Table A.3-24. Onset and endset temperatures, apparent Ea, and mass loss fractions for pyrolysis of PC:CS













PC:CS <125um-l 507.6 574.7 7429.4 61.77 ± 0.20
50:50 <125um-2 500.1 557.1 7155.8 59.49 ± 0.26
lOK/min <125um-3 507.4 565.0 7594.9 63.14 ± 0.26
N2 flow <125um Avg 505.01 565.60 61.47 ± 1.84
PC:CS <125um-l
80:20 <125um-2 536.2 562.1 8683.9 72.20 ± 2.39
lOK/min <125um-3 514.1 554.9 8339.3 69.33 ± 0.53
N2 flow <125um Avg 525.17 558.53 70.77 ± 2.03
PC:CS <125um-l 545.9 563.1 7389.7 61.44 ± 2.35 2.044
90:10 <125um-2 542.6 565.0 7678.1 63.84 ± 2.20 2.535
lOK/min <125um-3 541.1 559.3 8399.0 69.83 ± 2.62 1.916














PC:CS <125um-l 571.4 606.8 6422.1 53.39 ± 0.59
50:50 <125um-2 565.3 607.9 6147.8 51.11 ± 0.44
lOK/min <125um-3 568.2 609.8 6316.9 52.52 ± 0.52
N2 flow <125um Avg 568.30 608.15 52.34 ± 1.15
PC:CS <125um-l 582.4 604.2 6623.9 55.07 ± 2.02
80:20 <125um-2 582.4 606.1 7037.7 58.51 ± 1.76
lOK/min <125um-3 584.8 607.5 7031.6 58.46 ± 1.29
N2 flow <125um Avg 583.21 605.94 57.35 ± 1.97
PC:CS <125um-l 582.4 605.3 6797.0 56.51 ± 1.50 4.708
90:10 <125um-2 585.1 606.1 7067.2 58.76 ± 2.06 4.380
lOK/min <125um-3 584.1 606.1 7204.2 59.90 ± 1.46 4.581
N2 flow <125um Avg 583.89 605.82 58.39 ± 1.72 4.556 ± 0.165
Onset 3 Endset 3 m3 Ea 3 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
PC:CS <125um-l 674.3 724.6 10849.0 90.20 ± 0.58
50:50 <125um-2 678.4 721.0 10948.0 91.02 ± 0.60
lOK/min <125um-3 676.6 717.4 11416.0 94.91 ± 0.72
N2 flow <125um Avg 676.44 720.99 92.04 ± 2.52
PC:CS <125um-l 665.8 714.3 15900.0 132.19 ± 0.64
80:20 <125um-2 664.9 712.8 16679.0 138.67 ± 0.56
lOK/min <125um-3 667.1 716.3 15915.0 132.32 ± 0.53
N2 flow <125um Avg 665.93 714.46 134.39 ± 3.70
PC:CS <125um-l 667.1 714.3 16284.0 135.39 ± 0.54 15.844
90:10 <125um-2 665.8 711.7 16358.0 136.00 ± 0.65 14.471
lOK/min <125um-3 669.3 712.8 16439.0 136.67 ± 0.63 14.514
N2 flow <125um Avg 667.41 712.93 136.02 ± 0.64 14.943 ±  0.780
Table A.3-25. Onset and endset temperatures, apparent Ea, and mass loss fractions for pyrolysis of
VC:BSG 50:50, 80:20, and 90:10 at 100 K/min.
Onset 1 Endset 1 m l Ea 1 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
VC:BSG <125um-l 529.1 592.8 11098 92.27 ± 1.85 13.312
50:50 <125um-2 540.5 595.2 11667.0 97.00 ± 1.68 14.652
lOOK/min <125um-3 543.5 595.2 11869.0 98.68 ± 2.08 13.751
N2 flow <125um Avg 537.7 594.4 11544.7 95.98 ± 3.32 13.905 ±  0.683
VC:BSG <125um-l 543.5 595.2 10705 89.00 ± 1.84 7.877
80:20 <125um-2 537.6 602.4 9953.8 82.76 ± 1.88 10.822
100 K/min <125um-3 555.6 595.2 10977.0 91.26 ± 2.64 6.815
N2 flow <125um Avg 545.6 597.6 10545.3 87.7 4.41 8.505 ±  2.076
VC:BSG <125um-l 537.6 602.4 8643.9 71.87 ± 1.05 6.614
90:10 <125um-2 540.5 606.1 8577.2 71.31 ± 1.07 7.163
lOOK/min <125um-3 534.8 598.8 8513.7 70.78 ± 1.18 5.804














VOBSG <125um-l 632.9 653.6 3030.7 25.20 ± 1.79 9.547
50:50 <125um-2 628.9 657.9 2122.7 17.65 ± 1.24 12.259
1 OOK/min <125um-3 628.9 653.6 2073.9 17.24 ± 1.40 10.168
N2 flow <125um Avg 630.3 655.0 2409.1 20.0 ± 4.48 10.658 ±  1.421
VC:BSG <125um-l 625.0 666.7 501.4 4.17 ± 1.36 10.648
80:20 <125um-2 617.3 657.9 318.6 2.65 ± 2.20 10.912
lOOK/min <125um-3 625.0 662.3 393.0 3.27 ± 1.73 9.829
N2 flow <125um Avg 622.4 662.3 404.3 3.4 ± 0.76 10.463 ±  0.565
VC:BSG <125um-l 636.9 662.3 187.38 1.56 ± 0.64 4.631
90:10 <125um-2 637.3 657.9 234.8 1.95 ± 0.72 3.410
lOOK/min <125um-3 641.0 662.3 264.4 2.20 ± 0.61 3.699
N2 flow <125um Avg 638.4 660.8 228.9 1.9 ± 0.32 3.913 ± 0.638
Onset 3 Endset 3 m3 Ea 3 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
VC:BSG <125um-l 704.2 775.2 6858.8 57.02 ± 1.10 17.403
50:50 <125um-2 704.2 769.2 7421.7 61.70 ± 1.19 15.848
lOOK/min <125um-3 704.2 769.2 7247.2 60.25 ± 1.29 15.879
N2 flow <125um Avg 704.2 771.2 7175.9 59.7 ± 2.40 16.377 ± 0.889
VC:BSG <125um-l 709.2 769.2 12130 100.85 ± 1.45 20.074
80:20 <125um-2 709.2 769.2 12550.0 104.34 ± 1.77 20.060
lOOK/min <125um-3 694.4 769.2 11652.0 96.87 ± 1.91 22.346
N2 flow <125um Avg 704.3 769.2 12110.7 100.7 3.74 20.827 ± 1.316
VC:BSG <125um-l 704.2 763.4 14652 121.82 ± 1.44 21.173
90:10 <125um-2 704.2 763.4 14572.0 121.15 ± 1.44 20.957
lOOK/min <125um-3 704.2 763.4 14754.0 122.66 ± 1.46 20.729
N2 flow <125um Avg 704.2 763.4 14659.3 121.9 ± 0.76 20.953 ± 0.222
Table A.3-26. Onset and endset temperatures, apparent Ea, and mass loss fractions for pyrolysis of 
VC:BSG 50:50, 80:20, and 90:10 at 50 K/min.__________________________________________
Onset 1 Endset 1 m l Ea 1 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
VC:BSG <125um-l 541.7 584.8 12819 106.58 ± 1.08 12.206
50:50 <125um-2 539.7 581.7 12749.0 106.00 ± 1.16 11.109
5 OK/m in <125um-3 540.0 579.7 12723.0 105.78 ± 1.25 9.542
N2 flow <125um Avg 540.4 582.1 12763.7 106.12 ± 0.41 10.952 ± 1.339
VC:BSG <125um-l 527.9 550.1 10739 89.28 ± 1.00 1.470
80:20 <125um-2 534.5 586.5 11132.0 92.55 ± 0.77 8.330
5 OK/m in <125um-3 521.9 586.9 10453.0 86.91 ± 0.88 8.925
N2 flow <125um Avg 528.1 574.5 10774.7 89.6 ± 2.83 6.242 =fc 4.143
VC:BSG <125um-l 534.5 587.5 10151 84.40 ± 0.81 6.552
90:10 <125um-2 526.3 587.5 9619.5 79.98 ± 0.96 5.300
5 OK/m in <125um-3 531.9 581.4 9923.2 82.50 ± 0.88 4.183














VC:BSG <125um-l 622.7 647.2 3154.6 26.23 ± 0.53 10.514
50:50 <125um-2 623.4 646.4 3286.5 27.32 ± 0.63 9.820
50K/min <125um-3 623.4 645.2 3307.6 27.50 ± 0.69 9.493
N2 flow <125um Avg 623.2 646.3 3249.6 27.0 ± 0.69 9.942 ± 0.522
VC:BSG <125um-l 626.6 648.5 1337.5 11.12 ± 0.67 5.830
80:20 <125um-2 634.1 648.5 1646.3 13.69 ± 1.31 3.575
50K/min <125um-3 626.6 647.7 1142.8 9.50 ± 0.75 5.660
N2 flow <125um Avg 629.1 648.2 1375.5 11.4 ± 2.11 5.022 ±  1.256
VC:BSG <125um-l 631.3 649.8 948.48 7.89 ± 0.62 3.191
90:10 <125um-2 630.1 651.0 992.6 8.25 ± 1.08 3.651
50K/min <125um-3 628.9 650.2 831.5 6.91 ± 0.72 3.837
N2 flow <125um Avg 630.1 650.3 924.2 7.7 ± 0.69 3.560 ± 0.333
Onset 3 Endset 3 m3 Ea 3 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
VC:BSG <125um-l 709.2 751.9 8754 72.78 ± 0.53 11.097
50:50 <125um-2 702.7 751.9 8565.8 71.22 ± 0.56 12.524
50K/min <125um-3 706.2 751.9 8634.2 71.78 ± 0.49 11.807
N2 flow <125um Avg 706.1 751.9 8651.3 71.9 ± 0.79 11.809 ± 0.713
VC:BSG <125um-l 702.2 753.0 13201 109.75 ± 0.76 17.356
80:20 <125um-2 700.3 751.9 13177.0 109.55 ± 0.77 17.025
5 OK/m in <125um-3 703.2 757.6 13262.0 110.26 ± 0.65 19.188
N2 flow <125um Avg 701.9 754.2 13213.3 109.9 ± 0.36 17.856 ± 1.165
VC:BSG <125um-l 698.3 750.8 15250 126.79 ± 0.78 19.259
90:10 <125um-2 693.5 754.7 14758.0 122.70 ± 0.84 22.005
50K/min <125um-3 694.4 753.6 14986.0 124.59 0.78 21.650
N2 flow <125um Avg 695.4 753.0 14998.0 124.7 ± 2.05 20.971 ±  1.493
Table A.3-27. Onset and endset temperatures, apparent Ea, and mass loss fractions for pyrolysis of 
VC:BSG 50:50, 80:20, and 90:10 at 10 K/min.__________________________________________
Onset 1 Endset 1 m l Ea 1 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
VC:BSG <125um-l 521.6 562.7 13321 110.75 ± 0.50 12.408
50:50 <125um-2 512.8 565.0 12826.0 106.64 ± 0.46 15.102
lOK/min <125um-3 522.5 561.8 13577.0 112.88 ± 0.51 11.932
N2 flow <125um Avg 519.0 563.2 13241.3 110.1 ± 3.17 13.147 ± 1.709
VC:BSG <125um-l 510.5 568.2 12299 102.25 ± 0.45 9.545
80:20 <125um-2 514.7 568.2 11992.0 99.70 ± 0.65 9.305
lOK/min <125um-3 512.8 568.2 11968.0 99.50 ± 0.63 9.295
N2 flow <125um Avg 512.7 568.2 12086.3 100.5 ± 1.53 9.382 ± 0.142
VC:BSG <125um-l 520.8 568.2 12347 102.65 ± 0.63 4.978
90:10 <125um-2 530.5 565.0 13097.0 108.89 ± 0.83 3.852
lOK/min <125um-3 519.5 566.3 12138.0 100.92 ± 0.54 4.569














VC:BSG <125um-l 606.1 626.2 2853.1 23.72 ± 1.51 8.705
50:50 <125um-2 604.2 627.4 2896.6 24.08 ± 1.22 10.133
lOK/min <125um-3 605.0 626.6 3017.9 25.09 ± 1.54 9.333
N2 flow <125um Avg 605.1 626.7 2922.5 24.3 ± 0.71 9.390 ± 0.716
VC:BSG <125um-l 605.7 627.4 1648.5 13.71 ± 1.23 5.875
80:20 <125um-2 600.2 630.1 1269.4 10.55 ± 1.02 8.025
lOK/min <125um-3 605.0 626.6 1589.6 13.22 ± 1.34 5.686
N2 flow <125um Avg 603.6 628.0 1502.5 12.5 ± 1.70 6.529 ± 1.300
VC:BSG <125um-l 602.4 625.8 1280.1 10.64 ± 1.11 3.982
90:10 <125um-2 607.9 626.6 1299.2 10.80 ± 1.73 3.031
lOK/min <125um-3 605.0 626.6 1327.8 11.04 ± 1.41 3.650
N2 flow <125um Avg 605.1 626.3 1302.4 10.8 ± 0.20 3.555 ± 0.483
Onset 3 Endset 3 m3 Ea 3 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
VC:BSG <125um-l 680.3 726.2 8200.1 68.18 ± 0.59 11.664
50:50 <125um-2 675.7 729.9 8024.1 66.71 ± 0.48 13.776
lOK/min <125um-3 675.7 726.2 7830.8 65.11 ± 0.51 12.474
N2 flow <125um Avg 677.2 727.5 8018.3 66.7 ± 1.54 12.638 ±  1.065
VC:BSG <125um-l 675.7 724.6 12563 104.45 ± 0.55 19.266
80:20 <125um-2 675.7 725.7 12585.0 104.63 ± 0.59 16.603
lOK/min <125um-3 672.9 727.3 12318.0 102.41 ± 0.49 17.939
N2 flow <125um Avg 674.8 725.9 12488.7 103.8 ± 1.23 17.936 ±  1.331
VC.BSG <125um-l 668.2 724.1 14263 118.58 ± 0.49 19.281
90:10 <125um-2 669.3 723.1 14467.0 120.28 ± 0.50 18.561
lOK/min <125um-3 671.1 729.9 14431.0 119.98 ± 0.47 22.414
N2 flow <125um Avg 669.6 725.7 14387.0 119.6 ± 0.91 20.085 ±  2.048
Table A.3-28. Onset and endset temperatures, apparent Ea, and mass loss fractions for pyrolysis of 
VC:CBS 50:50, 80:20, and 90:10 at 100 K/min.__________________________________________
Onset 1 Endset 1 m l Ea 1 Error Mass loss
(K) (K.) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
VC:CBS <125um-l 436.1 520.0 4513.7 37.53 ± 0.63 7.414
50:50 <125um-2 459.8 516.8 4884.3 40.61 ± 0.84 5.507
lOOK/min <125um-3 467.7 520.8 5179.6 43.06 ± 0.76 5.588
N2 flow <125um Avg 454.54 519.22 4859.2 40.40 ± 2.77 6.169 ± 1.078
VC:CBS <125um-l 451.1 521.4 3588.8 29.84 ± 0.71 4.399
80:20 <125um-2 448.4 524.4 3332.5 27.71 ± 0.65 4.497
lOOK/min <125um-3 454.5 522.7 3513.9 29.21 ± 0.60 4.164
N2 flow <125um Avg 451.35 522.83 3478.4 28.92 ± 1.10 4.353 ± 0.171
VC:CBS <125um-l 471.7 530.5 2919.1 24.27 ± 0.42 3.173
90:10 <125um-2 460.8 523.6 2596.5 21.59 dt 0.46 2.855
lOOK/min <125um-3 469.5 526.3 2389.2 19.86 ± 0.46 2.757
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VC:CBS <125um-l 523.8 571.4 3869.7 32.17 ± 0.82 11.007
50:50 <125um-2 529.1 571.4 4073.2 33.86 ± 0.90 9.394
lOOK/min <125um-3 525.2 571.4 3809.4 31.67 ± 0.94 10.247
N2 flow <125um Avg 526.05 571.43 3917.4 32.57 ± 1.15 10.216 ± 0.807
VC:CBS <125um-l 515.5 571.4 3375.4 28.06 ± 0.57 7.030
80:20 <125ura-2 518.7 568.2 3400.2 28.27 ± 0.73 6.311
lOOK/min <125um-3 512.8 574.7 3302.7 27.46 ± 0.54 7.640
N2 flow <125um Avg 515.65 571.44 3359.4 27.93 ± 0.42 6.993 ± 0.665
VC:CBS <125um-l 533.6 574.7 3390.1 28.19 ± 0.74 3.673
90:10 <125um-2 526.3 579.7 3245.4 26.98 ± 0.56 4.484
lOOK/min <125um-3 525.5 578.7 3055.5 25.40 ± 0.52 4.275
N2 flow <125um Avg 528.47 577.71 3230.3 26.86 ± 1.40 4.144 ± 0.421
Onset 3 Endset 3 m3 Ea 3 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
VC:CBS <125um-l 584.8 617.7 5689.4 47.30 ± 1.62 10.415
50:50 <125um-2 588.2 621.1 5575.8 46.36 ± 1.51 10.350
lOOK/min <125um-3 588.2 618.0 5981.1 49.73 ± 1.47 9.131
N2 flow <125um Avg 587.09 618.94 5748.8 47.80 ± 1.74 9.966 ± 0.723
VC:CBS <125um-l 591.7 619.6 4958.1 41.22 ± 1.21 6.600
80:20 <125um-2 588.2 625.0 4702.2 39.09 ± 1.30 5.695
lOOK/min <125um-3 589.6 618.8 4918.4 40.89 ± 1.37 5.876
N2 flow <125um Avg 589.86 621.13 4859.6 40.40 ± 1.15 6.057 ± 0.479
VC:CBS <125um-l 579.0 619.2 4024.3 33.46 ± 1.11 5.015
90:10 <125um-2 581.4 625.0 3782.0 31.44 ± 0.97 5.604
lOOK/min <125um-3 584.8 618.4 4136.6 34.39 ± 1.10 4.003
N2 flow <125um Avg 581.74 620.87 3981.0 33.10 ± 1.51 4.874 ± 0.810
Onset 4 Endset 4 m4 Ea4 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
VC:CBS <125um-l 658.3 682.1 4480.4 37.25 ± 1.30 6.008
50:50 <125um-2 655.7 680.3 4042.2 33.61 ± 1.33 5.451
lOOK/min <125um-3 658.8 677.0 4131.9 34.35 ± 0.88 4.679
N2 flow <125um Avg 657.61 679.82 4218.2 35.07 ± 1.92 5.379 ±  0.667
Onset 5 Endset 5 m5 Ea 5 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
VC:CBS <125um-l 714.3 763.4 8284.6 68.88 ± 0.93 11.275
50:50 <125um-2 714.3 763.4 8657.2 71.98 ± 1.06 11.955
lOOK/min <125um-3 714.3 763.4 8676.4 72.14 ± 1.06 11.670
N2 flow <125um Avg 714.29 763.36 8539.4 71.00 ± 1.84 11.634 ± 0.341
VC:CBS <125um-l 709.2 763.4 13120.0 109.08 ± 1.45 16.993
80:20 <125um-2 704.2 759.9 13014.0 108.20 ± 1.43 16.180
lOOK/min <125um-3 704.2 763.4 13015.0 108.21 ± 1.38 17.970
N2 flow <125um Ayg 705.89 762.20 13049.7 108.49 ± 0.51 17.048 ± 0.896
VC:CBS <125um-l 695.4 763.4 13512.0 112.34 ± 1.46 19.712
90:10 <125um-2 695.4 760.5 14392.0 119.66 ± 1.61 21.468
lOOK/min <125um-3 692.0 763.4 13750.0 114.32 ± 1.66 21.154
N2 flow <125um Avg 694.29 762.39 13884.7 115.44 ± 3.78 20.778 ± 0.936
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Table A.3-29. Onset and endset temperatures, apparent Ea, and mass loss fractions for pyrolysis of
VC:CBS 50:50, 80:20, and 90:10 at 50 K/min.___________________________________________
Onset 1 Endset 1 m l Ea 1 Error Mass loss
(K) <K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
VC:CBS <125um-l 466.0 506.2 5924.0 49.25 ± 0.49 3.887
50:50 <125um-2 463.4 511.0 5986.7 49.77 ± 0.40 4.656
50K/min <125um-3 463.8 508.4 6008.2 49.95 ± 0.43 4.287
N2 flow <125um Avg 464.40 S08.53 49.66 ± 0.36 4.277 ± 0.384
VC:CBS <125um-l 469.9 508.6 5467.5 45.46 ± 0.49 2.336
80:20 <125um-2 464.0 511.8 5667.9 47.12 ± 0.34 3.016
5 OK/m in <125um-3 470.8 512.8 5465.9 45.44 ± 0.44 2.659
N2 flow <125um Avg 468.26 511.08 46.01 ± 0.97 2.670 ± 0.340
VC:CBS <125um-l 469.9 513.6 4878.8 40.56 ± 0.43 1.644
90:10 <125um-2 463.8 515.5 4686.9 38.97 ± 0.59 1.909
50K/min <125um-3 476.2 518.1 5339.8 44.40 ± 0.68 1.971
N2 flow <125um Avg 469.98 515.74 41.31 ± 2.79 1.841 ± 0.174
Onset 2 Endset 2 m2 Ea 2 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
VC:CBS <125um-l 536.5 559.9 5403.8 44.93 ± 0.96 5.444
50:50 <125um-2 535.9 560.9 5630.4 46.81 ± 0.95 6.017
5 OK/m in <125um-3 533.6 560.9 5312.0 44.16 0.82 6.409
N2 flow <125um Avg 535.33 560.54 45.30 ± 1.36 5.957 ± 0.485
VC:CBS <125um-l 531.9 561.2 5025.7 41.78 ± 78.89 4.409
80:20 <125um-2 541.7 563.7 5229.5 43.48 ± 1.19 3.656
5 OK/m in <125um-3 531.9 556.2 4849.7 40.32 ± 0.95 3.437
N2 flow <125um Avg 535.18 560.35 41.86 ± 1.58 3.834 ± 0.510
VC:CBS <125um-l 531.1 561.8 4854.0 40.36 ± 0.67 2.470
90:10 <125um-2 531.9 561.8 4972.1 41.34 ± 0.82 2.482
50K/min <125um-3 542.6 563.4 5185.9 43.12 ± 1.35 2.270
N2 flow <125tim Avg 535.19 562.33 41.60 ± 1.40 2.407 ± 0.119
Onset 3 Endset 3 m3 Ea 3 Error Mass loss
(K.) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
VC:CBS <125um-l 583.8 610.5 6754.7 56.16 ± 0.86 8.662
50:50 <125um-2 587.5 609.8 7358.9 61.18 ± 1.23 7.302
50K/min <125um-3 584.8 609.8 7170.1 59.61 ± 0.96 7.828
N2 flow <125um Avg 585.37 610.00 58.98 ± 2.57 7.931 ± 0.686
VC:CBS <125um-l 582.1 608.6 5921.0 49.23 ± 0.84 5.577
80:20 <125um-2 585.1 605.7 6457.2 53.69 ± 1.09 4.478
50K/min <125um-3 584.1 609.0 6040.6 50.22 ± 0.89 5.442
N2 flow <125um Avg 583.77 607.78 51.04 ± 2.34 5.166 ± 0.600
VC:CBS <125um-l 581.4 608.6 5284.3 43.93 ± 0.71 3.604
90:10 <125um-2 584.1 606.1 5635.6 46.85 ± 1.44 2.944
5 OK/m in <125um-3 584.5 609.8 5394.2 44.85 ± 1.06 3.974
N2 flow <125um Avg 583.32 608.15 45.21 ± 1.49 3.508 ± 0.522
Onset 4 Endset 4 m4 Ea 4 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
VC:CBS <125um-l 646.4 662.7 3601.2 29.94 ± 0.89 4.156
50:50 <125um-2 649.4 662.7 4081.0 33.93 ± 1.30 3.533
50K/min <125um-3 649.4 663.1 4241.9 35.27 ± 1.24 3.839
N2 flow <125um Avg 648.37 662.84 33.05 ± 2.77 3.843 ±  0.312
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Onset 5 Endset 5 m5 Ea 5 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
VC:CBS <125um-l 712.8 746.3 8377.1 69.65 ± 0.89 6.677
50:50 <125um-2 717.4 743.5 9549.3 79.39 ± 0.91 5.748
50K/min <125um-3 711.2 747.4 9637.6 80.13 ± 0.74 8.410
N2 flow <125um Avg 713.79 745.72 76.39 ± 5.85 6.945 ± 1.351
VCCBS <125um-l 702.7 743.5 13842.0 115.08 ± 0.92 12.566
80:20 <125um-2 704.2 747.9 13601.0 113.08 ± 0.76 13.446
5 0K/m in <125um-3 699.3 747.4 13763.0 114.43 ± 0.79 14.939
N2 flow <125um Avg 702.09 746.27 114.20 ± 1.02 13.650 ± 1.199
VC:CBS <125um-l 699.3 748.5 15465.0 128.58 ± 0.81 17.836
90:10 <125um-2 694.9 749.1 15376.0 127.84 ± 0.74 19.411
50K/min <125um-3 699.8 742.4 15730.0 130.78 ± 0.98 14.106
N2 flow <125um Avg 698.01 746.65 129.06 ± 1.53 17.117 ± 2.724
Table A.3-30. Onset and endset temperatures, apparent Ea, and mass loss fractions for pyrolysis of 
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VC:CBS <125um-l 458.7 492.6 6936.2 57.67 ± 0.70 3.374
50:50 <125um-2
lOK/min <125um-3 461.7 489.2 7054.4 58.65 ± 0.90 2.694
N2 flow <125um Avg 460.20 490.92 58.16 ± 0.69 3.034 ±  0.481
Onset 2 Endset 2 m2 Ea 2 Error Mass loss
(K) (K-) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
VCCBS <125um-l 519.2 540.5 6472.0 53.81 ± 1.07 5.448
50:50 <125um-2
lOK/min <125um-3 515.5 539.1 6125.9 50.93 ± 1.02 5.832
N2 flow <125um Avg 517.34 539.81 52.37 ± 2.03 5.640 ±  0.272
VCCBS <125um-l 504.8 543.5 6545.1 54.42 ± 12.12 4.720
80:20 <125um-2 510.2 545.9 6232.4 51.82 ± 1.19 4.576
lOK/min <125um-3 526.3 547.3 6482.3 53.89 ± 1.20 3.328
N2 flow <125um Avg 513.77 545.56 53.38 ± 1.38 4.208 ± 0.765
Onset 3 Endset 3 m3 Ea 3 Error Mass loss
(K.) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
VCCBS <125um-l 565.0 586.2 7969.2 66.26 ± 1.23 8.237
50:50 <125um-2
lOK/min <125um-3 565.0 586.2 7963.9 66.21 1.18 8.369
N2 flow <125um Avg 564.97 586.17 66.23 ± 0.03 8.303 ± 0.093
VCCBS <125um-l 565.0 586.2 6656.5 55.34 ± 1.38 4.988
80:20 <125um-2 559.4 585.9 6389.5 53.12 ± 1.06 5.889
lOK/min <125um-3 561.8 587.2 6332.1 52.65 ± 0.92 5.829
N2 flow <125um Avg 562.07 586.41 53.70 ± 1.44 5.568 ±  0.504
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Onset 5 Endset 5 m5 Ea 5 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
VCCBS <125um-l 684.9 727.8 8960.0 74.49 0.66 4.414
50:50 <125um-2
lOK/min <125um-3 682.1 725.2 9002.8 74.85 ± 0.64 4.482
N2 flow <125um Avg 683.53 726.48 74.67 ± 0.25 4.448 ± 0.047
VCCBS <125um-l 680.3 724.6 13318.0 110.73 ± 0.64 14.835
80:20 <125um-2 677.0 719.4 13196.0 109.71 ± 0.77 12.761
lOK/min <125um-3 674.8 719.4 13119.0 109.07 ± 0.69 13.373
N2 flow <125um Avg 677.36 721.16 109.84 ± 0.83 13.656 ± 1.065
VCCBS <125um-l 667.1 714.8 14649.0 121.79 ± 0.56 13.738
90:10 <125um-2 668.4 719.9 15096.0 125.51 ± 0.69 17.081
lOK/min <125um-3 664.9 721.5 14572.0 121.15 ± 0.67 18.566
N2 flow <125um Avg 666.82 718.75 122.82 ± 2.35 16.462 ± 2.473
Table A.3-31. Onset and endset temperatures, and apparent Ea for pyrolysis of VC:CS 50:50, 80:20, and











VC:CS <125um-l 472.6 518.4 4638.2 38.56 ±
50:50 <125um-2 469.7 517.1 4481.5 37.26 ±
lOOK/min <125um-3 470.6 516.8 4403.1 36.61 ±
N2 flow <125ura Avg 470.96 517.42 37.48 ± 1.00
VC:CS <125um-l 474.2 517.6 3015.8 25.07 ±
80:20 <125um-2 472.4 521.4 2888.9 24.02 ±
lOOK/min <125um-3 477.1 520.8 3116.5 25.91 ±
N2 flow <125um Avg 474.54 519.94 25.00 ± 0.95
VC:CS <125um-l 473.7 529.1 2134.8 17.75 ±
90:10 <125um-2 471.7 524.7 2121.0 17.63 ±
lOOK/min <125um-3 478.0 526.3 2295.4 19.08 ±











VC:CS <125um-l 547.0 592.8 6823.7 56.73 ±
50:50 <125um-2 542.0 589.6 6810.5 56.62 ±
lOOK/min <125um-3 542.3 590.0 6796.5 56.51 ±
N2 flow <125um Avg 543.78 590.79 56.62 ± 0.11
VC:CS <125um-l 546.1 594.9 6412.8 53.32 ±
80:20 <125um-2 536.8 591.7 5883.3 48.91 ±
lOOK/min <125um-3 536.9 598.1 6015.9 50.02 at
N2 flow <125um Avg 539.94 594.90 50.75 ± 2.29
VC:CS <125um-l 545.9 598.4 5465.4 45.44 ±
90:10 <125um-2 543.5 594.9 5420.6 45.07 ±
lOOK/min <125um-3 544.4 592.8 5572.5 46.33 ±












VC:CS <125um-l 595.2 636.9 6320.3 52.55 ±
50:50 <125um-2 595.2 632.9 6525.2 54.25 ±
lOOK/min <125um-3 602.4 632.9 6768.3 56.27 ±
N2 flow <125um Avg 597.63 634.26 54.36 ± 1.86
VC.CS <125um-l 594.5 632.9 4742.4 39.43 ±
80:20 <125um-2 591.7 632.9 4862.3 40.43 ±
lOOK/min <125um-3 596.7 632.5 4891.0 40.66 ±
N2 flow <125um Avg 594.30 632.78 40.17 ± 0.66
VC:CS <125um-l 600.2 629.7 4593.9 38.19 ±
90:10 <125um-2 598.8 632.9 4508.9 37.49 ±
lOOK/min <125um-3 598.8 632.9 4520.7 37.59 ±











VC:CS <125um-l 703.7 761.6 8961.3 74.50 ±
50:50 <125um-2 707.7 758.7 9215.6 76.62 ±
lOOK/min <125um-3 706.2 760.5 9260.0 76.99 ±
N2 flow <125um Avg 705.89 760.27 76.04 ± 1.34
VC:CS <125um-l 701.3 758.2 13149.0 109.32 ±
80:20 <125um-2 701.3 762.2 13163.0 109.44 ±
lOOK/min <125um-3 706.2 762.2 13455.0 111.86 ±
N2 flow <125um Avg 702.91 760.85 110.21 ± 1.44
VC:CS <125um-l 697.8 761.0 14087.0 117.12 ±
90:10 <125um-2 701.3 757.0 14395.0 119.68 ±
lOOK/min <125um-3 695.4 759.9 14140.0 117.56 ±
N2 flow <125um Avg 698.17 759.31 118.12 ± 1.37
Table A.3-32. Onset and endset temperatures, and apparent Ea for pyrolysis of VC:CS 50:50, 80:20, and 











VC:CS <125um-l 463.0 502.3 5643.5 46.92 ±
50:50 <125um-2 469.0 505.1 5957.7 49.53 ±
50K/min <125um-3 464.3 505.1 5707.4 47.45 ±
N2 flow <125um Avg 465.42 504.14 47.97 ± 1.38
VC:CS <125um-l 463.6 501.3 4908.4 40.81 ±
80:20 <125um-2 456.6 505.6 5012.9 41.68 ±
50K/min <125um-3 462.5 507.9 4713.8 39.19 ±
N2 flow <125um Avg 460.92 504.92 40.56 ± 1.26
VC.CS <125um-l 467.7 507.6 4187.4 34.81 ±
90:10 <125um-2 1000.0 1000.0 0.00 ±
50K/min <125um-3 457.1 516.0 3952.2 32.86 ±












VC.CS <125um-l 537.6 573.7 7231.8 60.13 ±
50:50 <125um-2 536.8 580.4 7011.6 58.29 ±
50K/min <125um-3 536.8 579.0 7147.8 59.43 ±
N2 flow <125um Avg 537.06 577.72 59.28 ± 0.92
VC:CS <125um-l 538.0 579.0 7074.8 58.82 ±
80:20 <125um-2 537.3 580.4 7168.4 59.60 ±
50K/min <125um-3 540.0 578.7 7148.9 59.44 db
N2 flow <125um Avg 538.43 579.38 59.28 ± 0.41
VC:CS <125um-l 536.5 585.8 6535.6 54.34 ±
90:10 <125um-2 563.1 588.2 6190.2 51.47
50K/min <125um-3 538.8 582.1 6536.2 54.34 db
N2 flow <125um Avg 546.11 585.38 53.38 db 1.66
Onset 3 Endset 3 m3 Ea 3 Error
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol)
VC:CS <125um-l 592.1 625.0 7170.6 59.62 ±
50:50 <125um-2 592.4 624.2 7219.0 60.02 db
50K/min <125um-3 595.2 623.4 7382.7 61.38 ±
N2 flow <125um Avg 593.24 624.22 60.34 ± 0.92
VC:CS <125um-l 593.5 621.1 5612.3 46.66 ±
80:20 <125um-2 588.2 625.0 5324.7 44.27 ±
SOK/min <125um-3 594.5 623.8 5588.9 46.47 ±
N2 flow <12Sum Avg 592.08 623.32 45.80 ± 1.33
VC:CS <125um-l 590.7 620.0 5207.3 43.29
90:10 <125um-2 597.7 623.4 5172.5 43.00 ±
50K/min <125um-3 594.5 623.1 5301.8 44.08 ±
N2 flow <125um Avg 594.31 622.15 43.46 ± 0.56
Onset 4 Endset 4 m4 Ea 4 Error
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol)
VC:CS <125um-l 705.2 743.5 9781.0 81.32 ±
50:50 <125um-2 700.8 749.6 9948.4 82.71 ±
50K/min <125um-3 701.8 746.3 9693.2 80.59
N2 flow <125um Avg 702.58 746.46 81.54 ± 1.08
VC:CS <125um-l 697.8 748.5 13697.0 113.88
80:20 <125um-2 696.9 743.5 13922.0 115.75 ±
50K/min <125um-3 697.8 746.3 13884.0 115.43 ±
N2 flow <125um Avg 697.51 746.09 115.02 ± 1.00
VC:CS <125um-l 692.5 749.1 14833.0 123.32 ±
90:10 <125um-2 691.1 748.5 14676.0 122.02
SOK/min <125um-3 694.4 747.4 14814.0 123.16 ±
N2 flow <125um Avg 692.68 748.32 122.83 ± 0.71
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Table A.3-33. Onset and endset temperatures, apparent Ea, and mass loss fractions for pyrolysis of VC:CS











VC:CS <125um-l 456.8 481.0 7582.0 63.04 ±
50:50 <125um-2 456.6 490.2 7679.3 63.85 ±
10 K/min <125um-3
N2 flow <125um Avg 456.73 485.60 63.44 ± 0.57
Onset 2 Endset 2 m2 Ea 2 Error
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol)
VC:CS <125um-l 520.8 565.0 7228.0 60.09 ±
50:50 <125um-2 526.3 555.6 7390.8 61.45 ±
lOK/min <125um-3
N2 flow <125um Avg 523.57 560.26 60.77 ± 0.96
vc-.cs <125um-l 519.2 581.4 7756.1 64.48 ±
8 0 : 2 0 <125um-2 526.3 584.8 7938.4 66.00 ±
lOK/min <125um-3 534.8 589.3 7820.6 65.02 ±
N2 flow <125um Avg 526.76 585.16 65.17 ± 0.77
VC:CS <125um-l 551.0 593.8 6464.1 53.74 ±
90:10 <125um-2 550.5 588.2 7844.0 65.22 ±
lOK/min <125um-3 555.6 595.2 6971.1 57.96 ±











VC:CS <125um-l 580.0 612.4 8109.9 67.43 ±
50:50 <125um-2 569.5 600.6 7968.2 66.25 ±
lOK/min <125um-3
N2 flow <125um Avg 574.76 606.49 66.84 ± 0.83
Onset 4 Endset 4 m4 Ea 4 Error
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol)
VC:CS <125um-l 677.0 735.3 6712.5 55.81 ±
50:50 <125um-2 666.7 709.2 5880.0 48.89 ±
10 K/min <125tnn-3 682.1 729.9 8665.0 72.04
N2 flow <125um Avg 675.28 724.81 58.91 ± 11.89
VC:CS <125um-l 671.1 724.6 13811.0 114.82 ±
80:20 <125um-2 700.3 724.6 14119.0 117.39 ±
lOK/min <125um-3 675.2 724.6 13642.0 113.42 ±
N2 flow <125um Avg 682.21 724.64 115.21 ± 2.01
VC:CS <125um-l 668.9 722.0 14771.0 122.81 ±
90:10 <125um-2 670.2 718.9 14869.0 123.62 ±
10 K/min <125um-3 670.7 718.9 15039.0 125.03 ±
N2 flow <125um Avg 669.94 719.95 123.82 ± 1.13
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A.4 Apparent Activation Energy (Ea) and Temperature Regime Values for 
Oxidation of Fuels
Table A.4-1. Onset and endset temperatures, apparent E, and mass loss fractions for oxidation o f BSG.
Onset 1 Endset 1 Slope 1 Ea 1 St dev Mass Loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
BSG <125um-l 543.5 571.8 17259 143.49 2.28 10.902
lOOK/min <125um-2 541.7 571.4 16894.0 140.46 ± 2.56 10.042
02  flow <125um-3 540.5 574.7 16411.0 136.44 ± 2.22 12.547
<125um Avg 541.9 572.6 16854.7 140.1 ± 3.54 11.164 ± 1.273
250-300um-l 523.6 578.0 16011 133.12 ± 2.46 12.102
250-300um-2 531.9 578.0 17583.0 146.19 ± 2.63 12.555
250-300um-3 540.5 578.0 18204.0 151.35 ± 2.24
250-300um Avg 532.0 578.0 17266.0 143.5 ± 9.40 12.328 ± 0.320
BSG <125um-l 533.6 573.7 16024.0 133.22 ± 1.43
50K/min <125um-2 531.9 572.7 14879.0 123.70 ± 1.78 11.443
02 flow <125um-3 537.6 574.7 16777.0 139.48 1.65 15.625
<125um Avg 534.4 573.7 15893.3 132.1 ± 7.95 13.534 ± 2.957
250-300um-l
250-300um-2 531.9 568.2 18268 151.88 ± 2.11 9.196
250-300um-3 531.9 568.2 17420 144.83 ± 2.15 9.482
250-300um Avg 531.9 568.2 17844.0 148.4 ± 4.99 9.339 ± 0.202
BSG <125um-l 512.8 555.6 14408.0 119.79 ± 0.63 16.546
10 K/min <125um-2 518.1 553.1 14786.0 122.93 ± 0.56 13.634
02 flow <125um-3 515.5 553.4 14421.0 119.90 ± 0.53 14.030
<125um Avg 515.5 554.0 14538.3 120.9 ± 1.78 14.737 ± 1.579
250-300u«n-l
250-300um-2 518.1 549.5 17433.0 144.94 ± 0.71 9.597
250-300um-3 520.8 549.5 16448.0 136.75 ± 0.91 8.479
250-300um Avg 519.5 549.5 16940.5 140.8 ± 5.79 9.038 ± 0.791
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Onset 2 Endset 2 m2 Ea 2 Error Mass Loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
BSG <125um-l 714.3 775.2 5169.6 42.98 ± 0.57 7.246
lOOK/min <125um-2 724.6 790.5 4561.9 37.93 ± 0.27 7.864
02 flow <125um-3 725.7 803.2 4823.7 40.10 ± 0.24 9.536
<12Sum Avg 721.5 789.6 4851.7 40.3 ± 2.53 8.215 ± 1.185
250-300um-l 775.2 886.5 3982.1 33.1 ± 0.12 10.263
250-300um-2 772.8 909.1 4209.4 35.0 ± 0.13 12.178
250-300um-3 773.4 896.9 4203.7 34.9 ± 0.24
250-300um Avg 773.8 897.5 4131.7 34.4 ± 1.08 11.221 ± 1.355
BSG <125um-l 735.3 826.4 6560.5 54.5 ± 0.22
5 OK/m in <125um-2 757.6 831.9 7993.9 66.5 ± 0.21 13.642
02 flow <125um-3 736.9 817.7 7762.9 64.5 ± 0.25 14.462
<125um Avg 743.3 825.4 7439.1 61.8 ± 6.40 14.052 ± 0.580
250-300um-l
250-300um-2 753.0 818.3 6535.6 54.3 ± 0.53 9.440
250-300um-3 780.0 852.5 7412.8 61.6 ± 0.22 11.296
250-300um Avg 766.5 835.4 6974.2 58.0 ± 5.16 10.368 ± 1.312
BSG <125um-l 712.3 784.9 8970.1 74.6 ± 0.27 17.101
lOK/min <125um-2 714.3 787.4 8823.1 73.4 ± 0.31 17.147
02 flow <125um-3 717.9 782.5 9284.0 77.2 ± 1.06 15.165
<125um Avg 714.8 784.9 9025.7 75.0 ± 1.96 16.471 ± 1.131
250-300um-l
250-300um-2 739.6 827.8 10172 84.6 ± 0.57 20.532
250-300um-3 737.5 831.5 9481.6 78.8 ± 0.55 18.765
250-300um Avg 738.6 829.6 9826.8 81.7 ± 4.06 19.649 ± 1.249











CS <125um-l 462.7 523.3 5855.6 48.68 ± 99.86
lOOK/min <125um-2 467.5 520.29 5742.1 47.74 ± 92.75
0 2  flow <125um-3 469.7 518.1 5880.2 48.89 ± 113.46
<125um Avg 466.7 520.6 5826.0 48.44 ± 0.61
250-300um-l 420.9 531.6 4731.4 39.34 33.61
250-300um-2 425.9 521.1 4846.5 40.29 ± 37.70
250-300um-3 423.4 523.8 4548.3 37.81 ± 40.19
250-300um Avg 423.4 525.5 4708.7 39.15 ± 1.25
CS <125um-l 469.7 510.2 6725.6 55.92 ± 88.61
50K/min <125um-2 462.3 506.33 6730.9 55.96 ± 69.40
0 2  flow <125um-3 466.2 511.5 6577.9 54.69 ± 77.85
<125um Avg 466.1 509.3 6678.1 55.52 ± 0.72
250-300um-l 440.5 506.3 6672.4 55.47 ± 58.86
250-300um-2 450.7 502.0 6203.1 51.57 ± 47.42
250-300um-3 446.6 499.5 6497.6 54.02 ± 45.34
250-300um Avg 445.9 502.6 6457.7 53.69 ± 1.97
CS <125um-l 450.0 488.8 7446.5 61.91 ± 58.14
1 OK/m in <125um-2 429.0 490.7 7227.2 60.09 ± 30.36
0 2  flow <125um-3 438.8 483.8 8006.8 66.57 ± 59.25
<125um Avg 439.3 487.7 7560.2 62.86 ± 3.34
250-300um-l 447.0 486.1 8040.8 66.85 ± 79.30
250-300um-2 455.6 487.3 7310 60.78 ± 91.51
250-300um-3 452.5 481.9 8182.7 68.03 ± 147.09












CS <125um-l 532.5 575.0 10561.0 87.80 ± 165.28
lOOK/min <125um-2 531.6 579.04 10108.0 84.04 ± 145.81
02 flow <125um-3 535.3 579.7 10072.0 83.74 ± 170.98
<125um Avg 533.1 577.9 10247.0 85.19 ± 2.27
250-300um-l 529.9 580.7 10897.0 90.60 ± 178.79
250-300um-2 531.1 585.1 9910.10 82.39 ± 151.13
250-300um-3 533.9 585.1 10339.00 85.96 ± 185.18
250-300um Avg 531.6 583.7 10382.0 86.32 ± 4.11
CS <125um-l 529.4 578.4 9446.8 78.54 ± 111.03
50K/min <125um-2 533.0 576.04 9824.3 81.68 ± 135.74
02 flow <125um-3 526.6 572.7 9645.4 80.19 ± 100.58
<125um Avg 529.7 575.7 9638.8 80.14 ± 1.57
250-300um-l 526.0 576.0 10124.0 84.17 ± 83.40
250-300um-2 528.0 582.4 9778.40 81.30 ± 78.76
250-300um-3 523.6 575.7 9965.60 82.85 ± 77.14
250-300um Avg 525.9 578.1 9956.0 82.77 ± 1.44
CS <125um-l 512.0 556.8 9240.2 76.82 ± 48.35
10 K/min <125um-2 503.5 563.4 8801.1 73.17 ± 42.07
02  flow <125um-3 507.6 568.8 8250.6 68.60 ± 53.93
<125um Avg 507.7 563.0 8764.0 72.86 ± 4.12
250-300um-l 506.8 559.9 10127.0 84.20 ± 37.65
250-300um-2 507.1 564.7 10095.00 83.93 ± 39.34
250-300um-3 511.5 566.6 9972.4 82.91 ± 50.16
250-300um Avg 508.5 563.7 10064.8 83.68 ± 0.68














IUN0 6  Coal <125um-l 537.6 587.9 6838.1 56.85 ± 1 .2 1 2.263
lOOK/min <125um-2 529.4 583.1 7325.6 60.91 ± 1.40 2.348
0 2  flow <125um-3 535.6 586.9 5989.0 49.79 ± 0.92 2.033
<125um Avg 534.2 585.9 6717.6 55.8 ± 5.62 2.215 ± 0.16
Onset 2 Endset 2 m2 Ea 2 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
IIIN0 6  Coal <125um-l 629.7 713.8 5546.3 46.11 ± 0.39 11.522
lOOK/min <125um-2 632.5 712.8 5074.9 42.19 ± 0.35 10.420
0 2  flow <125um-3 624.2 757.6 4682.2 38.93 ± 0.19 18.566
<125um Avg 628.8 728.0 5101.1 42.41 ± 3.60 13.503 ± 4.42
IHN0 6  Coal <125um-l 568.2 751.9 6269.8 52.13 ± 0.14 32.940
50K/min <125um-2 578.0 751.9 6008.2 49.95 ± 0.17 32.441
0 2  flow <125um-3 574.7 763.4 6043.3 50.24 ± 0.15 37.060
<125um Avg 573.6 755.7 6107.1 50.8 ± 1.18 34.147 ± 2.53
IIIN0 6  Coal <125um-l 714.3 793.7 13947 115.96 ± 0.32 43.359
lOK/min <125um-2 657.9 735.3 11795.0 98.06 ± 0.74 72.424
0 2  flow <125um-3 641.0 746.3 10621.0 88.30 ± 0.48 60.405
<125um Avg 671.1 758.4 12121.0 100.8 ± 14.02 58.729 ± 14.60
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Table A.4-4. Onset and endset temperatures, apparent Ea, and mass loss fractions for oxidation of
Pennsylvania coal.________________________________________________________________
Onset 1 Endset 1 m l Ea 1 Error Mass loss
(K) (K.) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
PA Coal <125um-l 565.0 613.5 21213 176.36 ± 5.15 0.293
lOOK/min <125um-2 540.5 602.8 13400.0 111.41 ± 2.66 0.453
0 2  flow <125um-3 555.6 607.2 19062.0 158.48 ± 3.60 0.252
<125um Avg 553.7 607.8 17891.7 148.8 ± 33.55 0.333 ±  0.106
Onset 2 Endset 2 m2 Ea 2 Error Mass loss
(K-) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
PA Coal <125um-l 690.1 854.7 3991.5 33.19 ± 0.34 19.933
lOOK/min <125um-2 684.9 851.1 4017.8 33.40 ± 0.35 18.776
0 2  flow <125um-3 691.1 862.1 3946.4 32.81 ± 0.32 20.482
<125um Avg 688.7 855.9 3985.2 33.1 ± 0.30 19.730 ±  0.871
PA Coal <125um-l 686.8 820.3 4907.2 40.80 ± 0.11 20.569
50K/min <125um-2 712.8 829.2 4484.8 37.29 ± 0.11 18.589
0 2  flow <125um-3 682.6 819.0 5075.6 42.20 ± 0.10 21.966
<12Sum Avg 694.1 822.8 4822.5 40.1 ± 2.53 20.374 ±  1.697
PA Coal <125um-l 714.8 800.0 13797 114.71 ± 0.29 60.060
lOK/min <125um-2 715.0 803.2 13518.0 112.39 ± 0.35 59.974
0 2  flow <125um-3 709.2 796.8 13823.0 114.92 ± 0.27 60.915
<125um Avg 713.0 800.0 13712.7 114.0 ± 1.41 60.316 ±  0.520
Table A.4-5. Onset and endset temperatures, apparent Ea, and mass loss fractions for oxidation of 
Venezuela coal.
Onset 1 Endset 1 m l Ea 1 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
Ven Coal <125um-l 658.8 933.7 5951.2 49.48 ± 0.16 70.283
lOOK/min <125um-2 666.7 900.1 5946.1 49.44 ± 0.18 61.486
0 2  flow <125um-3 696.4 896.9 6694.1 55.65 ± 0.19 59.610
<125um Ayg 673.9 910.2 6197.1 51.5 ± 3.58 63.793 ± 5.698
Ven Coal <125um-l 643.1 840.3 4806.2 39.96 ± 0.09 28.522
50K/min <125um-2 654.1 836.8 5078.4 42.22 ± 0.15 29.425
0 2  flow <125um-3 649.4 841.8 4841.7 40.25 0.12 28.748
<125um Avg 648.8 839.6 4908.8 40.8 ± 1.23 28.898 ± 0.470
Ven Coal <125um-l 689.7 763.4 6922.2 57.55 ± 0.35 31.287
lOK/min <125um-2 646.0 747.9 7337.4 61.00 ± 0.38 33.262
0 2  flow <125um-3 684.9 755.3 7158.0 59.51 ± 0.33 28.875
<125um Avg 673.5 755.5 7139.2 59.4 ± 1.73 31.141 ± 2.197
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Table A.4-6. Onset and endset temperatures, apparent Ea, and mass loss fractions for oxidation of
IllNo6:BSG, 50:50, 80:20,90:10 at 100 K/min._______________________________________
Onset 1 Endset 1 m l Ea 1 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
IllNo6:BSG <125um-l 537.6 571.4 15387 127.93 ± 2.26 6.328
50:50 <125um-2 526.3 571.4 13448.0 111.81 ± 2.62 6.694
lOOK/min <125um-3 529.4 568.2 14353.0 119.33 ± 2.48 6.469
0 2  flow <125um Avg 531.1 570.3 14396.0 119.7 ± 8.07 6.497 ± 0.18
250-300um-l 714.3 806.5 3119.3 25.93 ± 0.24 13.441
250-300um-2 722.0 813.0 2849.4 23.69 ± 0.18 12.605
250-300um-3 735.3 813.0 2290.2 19.04 ± 0.23 11.246
250-300um Avg 723.9 810.8 2753.0 22.9 ± 3.52 12.431 ± 1.11
IllNo6:BSG <125um-l 532.8 565.0 12958 107.73 ± 2.95 2.690
80:20 <125um-2 524.2 564.3 12602.0 104.77 ± 2.69 3.435
lOOK/min <125um-3 527.7 565.0 11015.0 91.58 ± 2.74 2.523
0 2  flow <125um Avg 528.2 564.8 12191.7 101.4 ± 8.60 2.883 ± 0.53
250-300um-l 662.3 751.9 4496 37.38 ± 0.25 14.789
250-300um-2 671.1 769.2 5129.4 42.65 ± 0.28 17.991
250-300um-3 675.7 763.4 4449.1 36.99 ± 0.21 15.099
250-300um Avg 669.7 761.5 4691.5 39.0 ± 3.16 15.959 ± 1.77
IllNo6:BSG <125um-l 529.1 572.1 10431 86.72 ± 2.08 2.589
90:10 <125um-2 528.5 565.6 11602.0 96.46 ± 2.64 2.135
lOOK/min <125um-3 526.3 571.4 9777.3 81.29 ± 1.96 2.485
0 2  flow <I25um Avg 528.0 569.7 10603.4 88.2 ± 7.69 2.403 ± 0.24
250-300um-l 666.7 757.6 4373.6 36.36 ± 0.26 13.249
250-300um-2 666.7 751.9 4591.5 38.17 ± 0.26 12.857
250-300um-3 666.7 746.3 3969.1 33.00 ± 0.29 10.492
250-300um Avg 666.7 751.9 4311.4 35.8 ± 2.63 12.199 ± 1.49
Table A.4-7. Onset and endset temperatures, apparent Ea, and mass loss fractions for oxidation of 
IUNo6 :BSG, 50:50, 80:20,90:10 at 50 K/min.___________________________________________
Onset 1 Endset 1 m l Ea 1 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
111No6:BSG <125um-l 518.1 571.4 12539 104.25 ± 1.46 8.011
50:50 <125um-2 518.1 574.7 12679.0 105.41 ± 1.31 9.269
50K/min <125um-3 520.8 571.4 12972.0 107.85 ± 1.44 8.175
0 2  flow <125um Avg 519.0 572.5 12730.0 105.8 ± 1.84 8.485 ± 0.68
250-300um-l 518.1 558.7 13089 108.82 ± 1.55 2.130
250-300um-2 520.8 561.8 13488.0 112.14 ± 1.12 2.571
250-300um-3 515.5 561.8 12783.0 106.28 ± 1.64 2.508
250-300um Avg 518.1 560.8 13120.0 109.1 ± 2.94 2.403 ± 0.24
111No6:BSG <125um-l 515.5 568.2 12015 99.89 ± 1.31 4.610
80:20 <125um-2 514.7 568.2 11658.0 96.92 ± 1.33 4.306
50K/min <125um-3 522.7 565.0 12937.0 107.56 ± 1.30 3.883
02  flow <125um Avg 517.6 567.1 122033 101.5 ± 5.49 4.266 ± 0.37
250-300um-l 518.1 568.2 14925 124.09 ± 2.02 7.625
250-300um-2 518.1 568.2 15118.0 125.69 ± 2.05 7.879
250-300um-3 526.3 571.4 15079.0 125.37 ± 1.48 7.779
250-300um Avg 520.9 569.3 15040.7 125.0 ± 0.85 7.761 ± 0.13
IllNo6:BSG <125um-l 520.8 568.2 10128 84.20 ± 1.22 2.533
90:10 <125um-2 520.8 565.0 11734.0 97.56 ± 1.25 2.602
SOK/min <125um-3 520.8 565.0 11701.0 97.28 ± 1.20 2.821
0 2  flow <125um Avg 520.8 566.0 11187.7 93.0 ± 7.63 2.652 ± 0.15
250-300um-l 523.6 558.7 15398 128.02 ± 1.73 3.052
250-300um-2 518.1 558.7 15239.0 126.70 ± 1.85 3.273
250-300um-3 518.1 568.2 13889.0 115.47 ± 1.51 4.660














IUNo6:BSG <125um-l 724.6 793.7 5555.1 46.19 ± 0.33 12.561
50:50 <125uxn-2 714.3 806.5 5561.5 46.24 ± 0.26 17.536
50K/min <125um-3 704.2 800.0 5554.3 46.18 ± 0.30 17.923
0 2  flow <125um Avg 714.4 800.0 5557.0 46.2 ± 0.03 16.007 ± 2.99
250-300um-l 645.2 769.2 4949.8 41.15 ± 0.14 24.535
250-300um-2 636.9 757.6 4675.9 38.88 ± 0.12 21.048
250-300um-3 641.0 763.4 4878.3 40.56 ± 0.16 24.181
250-300um Avg 641.0 763.4 4834.7 40.2 ± 1.18 23.255 ± 1.92
IllNo6:BSG <125um-l 671.1 787.4 4264.5 35.46 ± 0.17 17.470
80:20 <125um-2 676.6 793.7 4617.4 38.39 ± 0.18 19.398
50K/min <125um-3 680.3 793.7 4301.6 35.76 ± 0.13 14.167
0 2  flow <125um Avg 676.0 791.6 4394.5 36.5 ± 1.61 17.012 ± 2.65
250-300um-l 671.1 775.2 5295.3 44.03 ± 0.57 21.879
250-300um-2 662.3 781.3 4735.2 39.37 ± 0.42 23.811
250-300um-3 704.2 793.7 6531.4 54.30 ± 0.56 21.938
250-300um Avg 679.2 783.4 5520.6 45.9 ± 7.64 22.543 ± 1.10
IllNo6:BSG <125um-l 666.7 793.7 4554.1 37.86 ± 18.61 18.632
90:10 <125um-2 649.4 757.6 5176.6 43.04 ± 0.18 18.923
50K/min <125um-3 653.6 769.2 4564.9 37.95 ± 0.13 18.141
0 2  flow <125um Avg 656.5 773.5 4765.2 39.6 ± 2.96 18.566 ± 0.40
250-300um-l 645.2 775.2 4271.1 35.51 ± 0.12 23.436
250-300um-2 645.2 769.2 3719.1 30.92 ± 0.17 18.599
250-300um-3 645.2 775.2 3747.4 31.16 ± 0.13 19.791
250-300um Avg 645.2 773.2 3912.5 32.5 ± 2.58 20.609 ± 2.52
Table A.4-8. Onset and endset temperatures, apparent Ea, and mass loss fractions for oxidation of
IllNo6 :BSG, 50:50, 80:20, 90:10 at 10 K/min.
Onset 1 Endset 1 m l Ea 1 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
IllNo6:BSG <125um-l 490.2 549.5 13548 112.64 ± 0.51 7.260
50:50 <125um-2 495.0 546.4 13363.0 111.10 ± 0.51 6.126
lOK/min <125um-3 505.1 549.5 14403.0 119.75 ± 0.64 6.894
0 2  flow <125um Avg 496.8 548.4 13771.3 114.5 ± 4.61 6.760 ± 0.579
250-300um-l 502.5 549.5 15177 126.18 ± 0.67 6.394
250-300um-2 500.0 549.5 15412.0 128.14 ± 0.65 6.462
250-300um-3 502.5 552.5 15449.0 128.44 ± 0.65 7.725
250-300um Avg 501.7 550.5 15346.0 127.6 ± 1.23 6.860 ± 0.750
IllNo6:BSG <125um-l 510.2 549.5 14998 124.69 ± 0.83 3.389
80:20 <125um-2 512.8 549.5 15227.0 126.60 ± 1.03 3.099
1 OK/rain <125um-3 507.6 549.5 14799.0 123.04 ± 0.76 3.307
0 2  flow <125um Avg 510.2 549.5 15008.0 124.8 ± 1.78 3.265 ± 0.150
250-300um-l 515.5 549.5 19979 166.11 ± 1.28 2.607
250-300um-2 518.1 543.5 20451.0 170.03 ± 1.27 1.598
250-300um-3 520.8 543.5 20594.0 171.22 ± 1.35 1.511
250-300um Avg 518.1 545.5 20341.3 169.1 ± 2.68 1.906 ± 0.609
HlNo6:BSG <125um-l 520.8 549.5 14769 122.79 ± 1.84 1.513
90:10 <125um-2 512.8 546.4 15317.0 127.35 ± 1.47 1.488
1 OK/min <125um-3 510.2 546.4 15769.0 131.10 ± 1.24 1.668
02  flow <125um Avg 514.6 547.4 15285.0 127.1 ± 4.16 1.556 ± 0.098
250-300um-l 529.1 546.4 22431 186.49 ± 3.25 0.788
250-300um-2 518.1 546.4 22873.0 190.17 ± 4.31 0.929
250-300um-3 529.1 549.5 19441.0 161.63 ± 2.24 1.146
250-300um Avg 525.4 547.4 21581.7 179.4 ± 15.52 0.954 ±  0.180
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Onset 2 Endset 2 m2 Ea 2 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
IUNo6:BSG <125um-l 699.3 758.2 12602 104.77 ± 0.40 27.713
50:50 <125um-2 690.1 751.9 12655.0 105.21 ± 0.48 27.727
1 OK/min <125um-3 694.4 751.9 12489.0 103.83 ± 0.46 26.082
0 2  flow <125um Avg 694.6 754.0 12582.0 104.6 ± 0.70 27.174 ± 0.946
250-300um-l 699.3 763.4 10967 91.18 ± 0.35 27.930
250-300um-2 684.9 759.3 10568.0 87.86 ± 0.53 30.881
250-300um-3 689.7 763.4 10434.0 86.75 ± 0.38 31.287
250-300um Avg 691.3 762.0 10656.3 88.6 ± 2.31 30.033 ± 1.832
IllNo6:BSG <125um-l 680.3 775.2 10394 86.42 ± 0.24 48.805
80:20 <125um-2 694.4 763.4 12145.0 100.97 ± 0.32 39.164
1 OK/min <125um-3 694.4 769.2 11530.0 95.86 ± 0.29 41.602
0 2  flow <125um Avg 689.7 769.3 11356.3 94.4 ± 7.39 43.190 ± 5.013
250-300um-l 689.7 763.4 12243 101.79 ± 0.32 44.441
250-300um-2 684.9 769.2 11720.0 97.44 ± 0.43 49.664
250-300um-3 689.7 769.2 11962.0 99.45 ± 0.30 47.151
2S0-300um Avg 688.1 767.3 11975.0 99.6 ± 2.18 47.085 ± 2.612
IUNo6:BSG <125um-l 694.4 775.8 11799 98.10 ± 0.25 49.108
90:10 <125um-2 675.7 781.3 10289.0 85.54 ± 0.22 56.323
1 OK/min <125um-3 671.1 775.2 9945.7 82.69 ± 0.20 55.736
0 2  flow <125um Avg 680.4 777.4 10677.9 88.8 ± 8.20 53.722 ± 4.007
250-300um-l 683.1 777.6 11156 92.75 ± 0.25 55.946
250-300um-2 675.7 787.4 10547.0 87.69 ± 0.27 63.286
250-300um-3 685.4 793.7 10564.0 87.83 ± 0.21 60.574
250-300um Avg 681.4 786.2 10755.7 89.4 ± 2.88 59.935 ± 3.711
Table A.4-9. Onset and endset temperatures, and apparent Ea for oxidation of IIIN0 6 .CBS, 50:50, 80:20, 











IUNo6:CBS <125um-l 508.9 671.1 5845.4 48.60 ± 0.22
50:50 <125um-2 427.9 556.5 4537.0 37.72 ± 0.22
lOOK/min <125um-3 431.0 571.4 4637.1 38.55 ± 0.19
0 2  flow <125um Avg 455.9 599.7 5006.5 41.62 ± 7.69
IilNo6:CBS <125um-l 444.4 579.4 3794.1 31.54 ± 0.23
80:20 <125um-2 434.8 579.7 3675.7 30.56 ± 0.29
1 OOK/min <125um-3 435.5 561.8 3616.9 30.07 ± 0.35
0 2  flow <125um Avg 438.3 573.6 3695.6 30.72 ± 0.70
IUNo6:CBS <125um-l 498.3 578.0 3746.1 31.15 ± 0.41
90:10 <125um-2 524.4 571.4 3285.7 27.32 ± 0.79
lOOK/min <125um-3 511.5 579.0 3897.1 32.40 ± 0.35












IllNo6:CBS <125um-l 791.8 867.3 6729.2 55.95 ± 0.40
50:50 <125um-2 716.8 796.8 5698.4 47.38 ± 0.26
lOOK/min <125um-3 717.9 816.3 5518.0 45.88 ± 0.22
02  flow <125um Avg 742.2 826.8 5981.9 49.73 ± 6.06
IUNo6:CBS <125um-l 714.3 806.5 4940.8 41.08 ± 0.43
80:20 <125um-2 718.9 795.5 5342.7 44.42 ± 0.49
lOOK/min <125um-3 718.4 800.6 5710.5 47.48 ± 0.44
0 2  flow <125um Avg 717.2 800.9 5331.3 44.32 ± 2.36
IllNo6:CB,S <I25um-I 660.1 778.2 5310.5 44.15 ± 0.29
90:10 <125um-2 666.7 771.6 6049.6 50.30 ± 0.47
lOOK/min <125um-3 655.3 793.7 5176.4 43.04 ± 0.26
0 2  flow <125um Avg 660.7 781.2 5512.2 45.8 ± 3.91
Table A.4-10. Onset and endset temperatures, and apparent Ea for oxidation of IllNo6:CBS, 50:50, 80:20, 











111No6:CBS <125um-l 454.8 515.5 5525.1 45.94 ± 0.30
50:50 <125um-2 461.3 509.4 5610.4 46.64 ± 0.38
50K/min <125um-3 460.8 512.8 5555.9 46.19 ± 0.36
0 2  flow <125um Avg 458.9 512.6 5563.8 46.3 ± 0.36
111No6:CBS <125um-l 463.4 520.8 5404.4 44.93 ± 0.65
80:20 <125um-2 461.5 514.4 5202.3 43.25 ± 0.52
50K/min <125um-3 463.6 520.8 5294.2 44.02 ± 0.47
0 2  flow <125um Avg 462.8 518.7 5300.3 44.1 ± 0.84
IUNo6:CBS <125um-l 493.6 531.9 4600.6 38.25 ± 0.69
90:10 <125um-2 500.0 562.1 4964.1 41.27 ± 0.53
50K/min <125um-3
0 2  flow <125um Avg 496.8 547.0 4782.4 39.8 ± 2.14
Onset 2 Endset 2 m2 Ea 2 Error
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol)
IUNo6:CBS <125um-l 530.9 561.8 6258.6 52.03 ±
50:50 <125um-2 531.9 553.4 6012.8 49.99 ± 1.37
SOK/min <125um-3 530.2 555.6 5912.0 49.15 ± 1.11
02  flow <125um Avg 531.0 556.9 6061.1 50.4 ± 1.48
111No6:CBS <125um-l 536.2 562.4 5617.3 46.70 ± 0.94
80:20 <125um-2 526.9 556.8 5426.3 45.11 ± 1.08
50K/min <125um-3 526.3 556.2 5069.9 42.15 ± 1.18
02  flow <125um Avg 529.8 558.5 5371.2 44.7 ± 2.31
111No6:CBS <125um-l 537.6 565.0 6123.9 50.91 ± 0.89
90:10 <125um-2
5 OK/m in <125um-3












MNo6:CBS <125um-l 578.0 606.1 4609.4 38.32 ± 0.75
50:50 <125um-2 578.0 607.9 4116.9 34.23 ± 0.45
50K/min <125um-3 572.7 606.1 4046.0 33.64 ± 0.47
0 2  flow <125um Avg 576.3 606.7 4257.4 35.4 ± 2.55
IUNo6:CBS <125um-l
80:20 <125um-2 566.3 591.7 2855.2 23.74 ± 0.57
50 K/min <125um-3 568.2 595.2 2801.6 23.29 ± 0.50
0 2  flow <125um Avg 567.2 593.5 2828.4 23.5 ± 0.32
IllNo6:CBS <125um-l 592.8 613.5 3404.9 28.31 ± 1.30
90:10 <125um-2 584.8 615.4 3060.4 25.44 ± 0.96
50K/min <125um-3
0 2  flow <125um Avg 588.8 614.4 3232.7 26.9 ± 2.03
Onset 4 Endset 4 m4 Ea 4 Error
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol)
111No6:CBS <125um-l 720.5 801.9 7845.3 65.23 0.41
50:50 <125um-2 709.2 806.5 7329.4 60.94 ± 0.21
5 OK/min <125um-3 724.6 803.9 7289.5 60.60 ± 0.27
0 2  flow <125um Avg 718.1 804.1 7488.1 62.3 ± 2.58
IllNo6:CBS <125um-l 731.0 803.2 8740.5 72.67 ± 0.28
80:20 <125um-2 709.2 781.3 7215.1 59.99 0.35
50K/min <125um-3 715.8 803.2 7930.0 65.93 ± 0.27
0 2  flow <125um Avg 718.7 795.9 7961.9 66.2 ± 6.35
111No6:CBS <125um-l 704.2 781.3 8056.9 66.99 ± 0.33
90:10 <125um-2 714.3 781.3 8263.3 68.70 ± 0.37
50K/min <125um-3 719.4 819.7 9820.4 81.65 ± 0.48
0 2  flow <125um Avg 712.6 794.1 8713.5 72.4 ± 8.02












Cocoa+lllNo6 125um-l 395.3 444.4 4790.1 39.82 ± 0.38
50-50 125um-2 464.7 497.5 6432.7 53.48 ± 0.66
lOK/min 125um-3 464.3 500.0 6484.0 53.91 ± 1.02
02  flow 125um Avg 441.4 480.7 5902.3 49.1 ± 8.01
Cocoa+lIlNo6 125um-l 490.9 568.2 5800.6 48.23 ± 0.53
80-20 125um-2
lOK/min 125um-3 513.9 546.1 8015.3 66.64 ± 1.57
0 2  flow 125um Avg 502.4 557.2 6908.0 57.4 13.02
Onset 2 Endset 2 m2 Ea 2 Error
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol)
Cocoa+IllNo6 125um-l 453.9 478.5 5799.0 48.21 ± 0.77
50-50 125um-2 513.9 538.2 7636.3 63.49 ± 0.88
lOK/min 125um-3 523.6 540.5 8383.5 69.70 ± 1.04
0 2  flow 125um Avg 497.1 519.1 7272.9 60.5 ± 11.06
Cocoa+IllNo6 125um-l 705.2 769.2 12691 105.51 ± 0.70
80-20 125um-2
lOK/min 125um-3 697.8 759.3 11753.0 97.71 ± 0.57
0 2  flow 125um Avg 701.5 764.3 12222.0 101.6 ± 5.51
Cocoa+IllNo6 125um-l 702.7 775.2 13872 115.33 ± 0.33
90-10 125um-2 689.7 763.4 13663.0 113.59 ± 0.45
lOK/min 125um-3 699.3 766.3 14044.0 116.76 ± 0.34
0 2  flow 125um Avg 697.2 768.3 13859.7 115.2 ± 1.59
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HlNo6:CS <125um-l 524.7 573.7 8451.7 70.27 ± 172.65
50:50 <125um-2 525.5 584.5 7609.5 63.27 ± 163.03
lOOK/min <125um-3 521.4 576.0 8307.8 69.07 ± 148.24
Air flow 125um Avg 523.8 578.1 8123.0 67.53 ± 3.75
250-300um-l 679.3 729.9 9192.4 76.43 ± 68.62
250-300um-2 679.8 729.9 9290.2 77.24 ± 65.74
■s 250-300um-3 674.3 726.2 9343.5 77.68 ± 67.73
250-300um Avg 677.8 728.7 9275.4 77.12 ± 0.64
IllNo6:CS <125um-l 520.8 572.7 7406.5 61.58 ± 148.95
80:20 <125um-2 518.4 584.1 6784.2 56.40 ± 142.59
lOOK/min <125um-3 673.9 732.1 8740.9 72.67 ± 64.97
Air flow 125um Avg 571.0 629.6 7643.9 63.55 ± 8.31
250-300um-l 679.8 729.4 9074.5 75.45 ± 70.71
250-300um-2 678.0 731.0 8935.9 74.29 ± 72.79
250-300um-3 678.0 729.9 8819.5 73.33 ± 63.39
250-300um Avg 678.6 730.1 8943.3 74.35 ± 1.06
IllNo6:CS <125um-l 668.4 732.6 9464.7 78.69 ± 67.91
90:10 <125um-2 671.1 727.3 9689.6 80.56 ± 68.86
lOOK/min <125um-3 669.8 728.3 9682.3 80.50 ± 74.92
Air flow 125um Avg 669.8 729.4 9612.2 79.92 ± 1.06
250-300um-l 672.9 732.6 9940.8 82.65 ± 72.90
250-300um-2 673.4 726.2 10054 83.59 ± 74.18
250-300um-3 669.3 731.5 9777.3 81.29 ± 78.81











111No6:CS <125um-l 668.0 801.9 3388.9 28.18 ± 27.71
50:50 <125um-2 674.8 802.6 4026.4 33.48 ± 36.85
lOOK/min <125um-3 670.2 796.8 3003.5 24.97 ± 31.88
Air flow 125um Avg 671.0 800.4 3472.9 28.87 ± 4.30
250-300um-l 782.5 802.6 3807.6 31.66 ± 145.27
250-300um-2 784.9 798.1 4364.2 36.28 ± 160.16
250-300um-3 784.9 800.6 3823.9 31.79 ± 253.10
250-300um Avg 784.1 800.4 3998.6 33.24 ± 2.63
IllNo6:CS <125um-l 651.9 809.7 4081.1 33.93 ± 33.25
80:20 <125um-2 660.1 805.8 4106.4 34.14 ± 33.65
lOOK/min <125um-3 785.5 803.2 4440.3 36.92 ± 176.47
Air flow 125um Avg 699.2 806.2 4209.3 35.00 ± 1.67
250-300um-l 781.9 799.4 3456.4 28.74 ± 211.44
250-300um-2 787.4 799.4 4288.3 35.65 ± 369.71
250-300um-3 784.3 799.4 3153.4 26.22 ± 250.50
250-300um Avg 784.5 799.4 3632.7 30.20 ± 4.89
IllNo6:CS <125um-l 786.2 798.7 5037.9 41.89 ± 270.38
90:10 <125um-2 785.5 798.1 4209.3 35.00 ± 240.93
lOOK/min <125um-3 786.2 801.3 4556.8 37.89 ± 274.06
Air flow 125um Avg 786.0 799.4 4601.3 38.26 ± 3.46
250-300um-l 782.5 800.0 4124.6 34.29 ± 193.01
250-300um-2 782.5 800.6 3746.7 31.15 ± 180.33
250-300um-3 784.9 799.4 4715.6 39.21 ± 188.10
250-300um Avg 783.3 800.0 4195.6 34.88 ± 4.06
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Table A.4-13. Onset and endset temperatures, apparent Ea, and mass loss fractions for oxidation of
PC:BSG, 50:50, 80:20, 90:10 at 100 K/min.
Onset 1 Endset 1 m l Ea 1 Error Mass loss
(K.) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
PC:BSG <125um-l 510.2 574.7 11949 99.34 ± 1.98 7.352
50:50 <125um-2 512.8 574.7 12157.0 101.07 ± 2.13 7.584
lOOK/min <125um-3 512.8 578.0 11876.0 98.74 ± 2.07 8.611
0 2  flow <125um Avg 511.9 575.8 11994.0 99.7 ± 1.21 7.849 ±  0.670
PC:BSG <125um-l 510.2 574.7 11491 95.54 ± 1.72 3.283
80:20 <125um-2 508.1 571.4 11997.0 99.74 ± 1.80 3.378
lOOK/min <125um-3 510.2 574.7 11130.0 92.53 ± 1.80 3.065
0 2  flow <125um Avg 509.5 573.6 11539.3 95.9 4: 3.62 3.242 ±  0.161
PC:BSG <125um-l 510.2 571.4 11359 94.44 ± 2.23 1.580
90:10 <125um-2 520.8 571.4 11864.0 98.64 ± 1.81 1.405
100 K/min <125um-3 518.7 568.2 12441.0 103.43 ± 1.84 1.419













PC:BSG <125um-l 714.3 775.2 3197 26.58 :fc 0.65 5.787
50:50 <125ura-2 712.8 781.3 3047.6 25.34 ± 0.55 6.593
lOOK/min <125um-3 716.8 781.3 3517.7 29.25 ± 0.52 6.698
0 2  flow <125um Avg 714.6 779.2 3254.1 27.1 ± 2.00 6.359 ±  0.499
PC.BSG <125um-l 689.7 776.4 3861.8 32.11 ± 0.27 7.982
80:20 <125um-2 680.3 763.4 3964.4 32.96 0.35 7.536
lOOK/min <125um-3 687.3 769.2 3800.3 31.60 0.30 7.399
0 2  flow <125um Avg 685.7 769.7 3875.5 32.2 ± 0.69 7.639 ±  0.305
PC:BSG <125um-l 674.8 757.6 4678.9 38.90 ± 0.35 6.642
90:10 <125um-2 671.1 775.2 4659.1 38.74 ± 0.26 9.469
lOOK/min <125um-3 671.6 741.8 4827.5 40.14 ± 0.51 5.362
0 2  flow <125um Avg 672.5 758.2 4721.8 39.3 0.77 7.158 ± 2.102
Onset 3 Endset 3 m3 Ea 3 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
PC:BSG <125um-l 787.4 855.4 4528.6 37.65 ± 0.37 8.778
50:50 <125um-2 787.4 862.1 4668.3 38.81 ± 0.40 9.731
lOOK/min <125um-3 783.7 862.1 4974.9 41.36 ± 0.38 11.380
0 2  flow <125um Avg 786.2 859.9 4723.9 39.3 ± 1.90 9.963 ± 1.316
PC:BSG <125um-l 789.3 857.6 4095.8 34.05 ± 0.31 9.455
80:20 <125um-2 787.4 862.1 3755.0 31.22 ± 0.29 11.295
lOOK/min <125um-3 791.1 862.8 4421.4 36.76 ± 0.34 10.212
0 2  flow <125um Avg 789.3 860.8 4090.7 34.0 ± 2.77 10.320 ± 0.925
PC:BSG <125um-l 793.7 868.1 3387.9 28.17 ± 0.29 10.219
90:10 <125um-2 783.1 859.1 4338.7 36.07 ± 0.29 11.877
lOOK/min <125um-3 771.0 885.0 2553.7 21.23 ± 0.15 14.134
0 2  flow <125um Avg 782.6 870.7 3426.8 28.5 ± 7.43 12.077 ±  1.965
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Table A.4-14. Onset and endset temperatures, and apparent Ea for oxidation of PC:BSG, 50:50, 80:20,











PC:BSG <125um-l 523.6 569.5 13771 114.49 ± 1.42
50:50 <125um-2 519.2 565.9 13912.0 115.66 ± 1.54
50K/min <125um-3 524.1 567.2 14032.0 116.66 ± 1.40
0 2  flow <125um Avg 522.3 567.5 13905.0 115.6 ± 1.09
PC:BSG <125um-l 518.7 568.2 13490 112.16 ± 0.98
80:20 <125um-2 506.3 559.0 13591.0 113.00 ± 1.19
SOK/min <125um-3 510.2 559.6 14230.0 118.31 ± 1.19
0 2  flow <125um Avg 511.7 562.3 13770.3 114.5 ± 3.34
PC:BSG <125um-l 509.4 566.6 17151 142.59 ± 1.18
90:10 <125um-2 512.3 564.0 16302.0 135.53 ± 0.93
50K/min <125um-3 520.8 560.5 16857.0 140.15 ± 1.79











PC:BSG <125um-l 734.2 819.7 6753.6 56.15 ± 0.32
50:50 <125um-2 732.1 814.3 6265.3 52.09 ± 0.22
50K/min <125um-3 726.7 809.1 5848.0 48.62 ± 0.29
0 2  flow <125um Avg 731.0 814.4 6289.0 52.3 ± 3.77
PC:BSG <125um-l 690.6 768.0 4121.6 34.27 ± 0.22
80:20 <125um-2 674.8 738.6 4187.6 34.82 ± 0.29
50K/min <125um-3 679.3 753.0 4698.0 39.06 ± 0.30
0 2  flow <125um Avg 681.6 753.2 4335.7 36.0 ± 2.62
PC:BSG <125um-l 650.6 766.3 5176.7 43.04 ± 0.09
90:10 <125um-2 648.9 763.5 4967.7 41.30 ± 0.12
SOK/min <125um-3 652.8 759.3 4685.1 38.95 ± 0.15
02  flow <125um Avg 650.8 763.0 4943.2 41.1 ± 2.05
Onset 3 Endset 3 m3 Ea 3 Error
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol)
PC:BSG <125um-l 791.1 850.3 4920.5 40.91 ± 0.31
80:20 <125um-2 761.0 843.9 5028.9 41.81 ± 0.20
5 OK/m in <125um-3 762.8 832.6 5410.5 44.98 ± 0.25
0 2  flow <125um Avg 771.7 842.3 5120.0 42.6 ± 2.14
PC:BSG <125um-l 771.0 841.8 5329.3 44.31 ± 0.23
90:10 <125um-2 777.0 840.3 5114.8 42.52 ± 0.24
5 OK/m in <125um-3 778.2 848.2 4354.2 36.20 ± 0.21
02  flow <125um Avg 775.4 843.4 4932.8 41.0 ± 4.26
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PCrBSG <125um-l 496.3 551.3 13816 114.87 ± 0.44
50:50 <125um-2 496.5 551.3 13999.0 116.39 ± 0.42
1 OK/min <125um-3 513.1 548.8 15161.0 126.05 ± 0.66
0 2  flow <125um Avg 502.0 550.5 14325.3 119.1 ± 6.06
POBSG <125um-l 529.1 544.1 21201 176.27 ± 3.33
80:20 <125um-2 531.9 547.3 20281.0 168.62 ± 2.03
lOK/min <125um-3 527.7 543.8 20561.0 170.94 ± 3.45
0 2  flow <125um Avg 529.6 545.1 20681.0 171.9 ± 3.92
PC:BSG <125um-l 544.1 553.1 18912 157.23 ± 6.96
90:10 <125um-2 543.2 551.9 25084.0 208.55 ± 8.89
lOK/min <125um-3 536.8 551.0 25131.0 208.94 ± 9.18











PC:BSG <125um-l 574.7 595.2 1403.2 11.67 ± 1.31
50:50 <125um-2 577.0 593.5 1525.6 12.68 ± 1.76
lOK/min <125um-3 576.0 587.9 1426.4 11.86 ± 2.74
0 2  flow <125um Avg 575.9 592.2 1451.7 12.1 ± 0.54
PC:BSG <125um-l 572.4 600.6 2240.8 18.63 ± 1.34
80:20 <125um-2 576.0 596.3 3717.0 30.90 ± 1.33
lOK/min <125um-3 574.4 597.4 2826.7 23.50 ± 1.58
0 2  flow <125um Avg 574.3 598.1 2928.2 24.3 ± 6.18
PC:BSG <12Sum-l 577.7 599.9 9249.1 76.90 ± 1.36
90:10 <125um-2 574.7 598.4 9329.1 77.56 ± 1.50
lOK/min <125um-3 580.4 599.5 8549.7 71.08 ± 1.48
0 2  flow <125um Avg 577.6 599.3 9042.6 75.2 ± 3.56
Onset 3 Endset 3 m3 Ea 3 Error
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol)
PC:BSG <125um-l 713.3 800.0 11063 91.98 ± 0.29
50:50 <125um-2 711.7 795.5 11660.0 96.94 ± 0.29
1 OK/min <125tim-3 708.7 784.9 10824.0 89.99 ± 0.29
0 2  flow <125um Avg 711.2 793.5 11182.3 93.0 ± 3.58
PC:BSG <125um-l 698.3 816.3 10878 90.44 ± 0.14
80:20 <125um-2 705.2 801.9 12266.0 101.98 ± 0.21
lOK/min <125um-3 707.2 826.4 10215.0 84.93 ± 0.15
0 2  flow <125um Avg 703.6 814.9 11119.7 92.4 ± 8.70
PC:BSG <125um-l 709.7 805.2 11535 95.90 ± 0.20
90:10 <125um-2 703.2 800.6 12279.0 102.09 ± 0.26
1 OK/min <125um-3 698.3 838.6 10487.0 87.19 ± 0.15
0 2  flow <125um Avg 703.8 814.8 11433.7 95.1 ± 7.48
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Table A.4-16. Onset and endset temperatures, and apparent Ea for oxidation of PC:CBS, 50:50, 80:20,
90:10 at 100 K/min.
Onset 1 Endset 1 m l Ea 1 Error
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol)
PC:CBS <125um-l 394.0 516.3 4860.4 40.41 ± 0.32
50:50 <125um-2 425.5 515.5 4830.2 40.16 ± 0.33
lOOK/min <125um-3 418.4 510.2 4658.2 38.73 ± 0.37
0 2  flow <125um Avg 412.7 514.0 4782.9 39.8 ± 0.91
PC:CBS <125um-l 518.1 591.7 3951.7 32.85 ± 0.68
80:20 <125um-2 512.8 598.8 4254.9 35.38 ± 0.46
lOOK/min <125um-3 522.2 602.4 4628.8 38.48 ± 0.51
0 2  flow <125um Avg 517.7 597.6 4278.5 35.6 ± 2.82
PA:CBS <125um-l 556.2 636.9 5599.2 46.55 ± 0.53
90:10 <125um-2 561.8 636.9 5786.6 48.11 ± 0.55
lOOK/min <125um-3 561.8 641.0 5141.7 42.75 ± 53.29











PC:CBS <125um-l 521.9 563.1 4698.4 39.06 ± 0.99
50:50 <125um-2 510.2 562.1 4362.6 36.27 ± 0.86
lOOK/min <125um-3 526.3 561.8 5103.4 42.43 ± 1.35
0 2  flow <125um Avg 519.5 562.3 4721.5 39.3 ± 3.08
PC:CBS <125um-l 606.8 642.7 4966.1 41.29 ± 1.33
80:20 <125um-2 617.3 632.9 6089.4 50.63 ± 2.52
lOOK/min <125um-3 608.3 641.0 5271.3 43.83 ± 1.36
0 2  flow <125um Avg 610.8 638.9 5442.3 45.2 ± 4.83
Onset 3 Endset 3 m3 Ea 3 Error
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol)
PC:CBS <125um-l 565.0 595.2 2170.5 18.05 ± 0.75
50:50 <125um-2 574.7 595.2 2685.1 22.32 ± 1.20
lOOK/min <125um-3 571.4 598.8 2425.3 20.16 ± 0.89
0 2  flow <125um Avg 570.4 596.4 2427.0 20.2 ± 2.14
PC:CBS <125um-l 655.7 684.9 1879.2 15.62 ± 0.79
80:20 <125um-2 657.9 680.3 1786.3 14.85 ± 0.79
lOOK/min <125um-3 653.6 680.3 1664.3 13.84 ± 0.89
0 2  flow <125um Avg 655.7 681.8 1776.6 14.8 ± 0.90
PA:CBS <125um-l 628.9 684.9 2601.4 21.63 ± 0.54
90:10 <125um-2
lOOK/min <125um-3 657.9 689.7 2992.3 24.88 ± 1.13











PC:CBS <125um-l 675.7 726.2 3933.4 32.70 ± 0.55
50:50 <125um-2 672.5 721.5 4136.8 34.39 ± 0.55
lOOK/min <125um-3 673.9 719.4 4060.0 33.75 ± 0.64
0 2  flow <125um Avg 674.0 722.4 4043.4 33.6 ± 0.85
PC:CBS <125um-l 732.6 833.3 6256 52.01 ± 0.37
80:20 <125um-2 736.4 847.5 6183.5 51.41 4: 0.34
lOOK/min <125um-3 729.9 819.7 5986.7 49.77 ± 0.43
0 2  flow <125um Avg 733.0 833.5 6142.1 51.1 ± 1.16
PA:CBS <125um-l 716.8 826.4 6701.9 55.72 ± 0.29
90:10 <125um-2 722.0 833.3 6570.5 54.63 ± 0.31
lOOK/min <125um-3 723.1 819.7 7350.1 61.11 ± 0.46












PC:CBS <125um-l 759.9 819.7 5839.8 48.55 ± 0.51
50:50 <125um-2 751.9 811.0 5822.7 48.41 ± 0.65
lOOK/min <125um-3 751.9 815.0 5600.9 46.57 ± 0.56
0 2  flow <125um Avg 754.5 815.2 5754.5 47.8 ± 1.11
Table A.4-17. Onset and endset temperatures, and apparent Ea for oxidation of PC:CBS, 50:50, 80:20, 





m l Ea 1 
ln(k) vs 1/T (kJ/mol)
Error
(kJ/mol)
PC:CBS <125um-l 446.4 512.8 5804.1 48.26 t 0.25
50:50 <125um-2 448.4 512.8 5797.6 48.20 t 0.26
50K/min <125um-3 456.6 505.1 5802.7 48.24 t 0.35
0 2  flow <125um Avg 450.5 510.2 5801.5 48.2 fc 0.03
PC:CBS <125um-l 463.6 511.0 5498.8 45.72 t 0.38
80:20 <125um-2 463.0 507.6 5361.5 44.58 t 0.39
50K/min <125um-3
0 2  flow <125um Avg 463.3 509.3 5430.2 45.1 t 0.81
Onset 2 Endset 2 m2 Ea 2 Error
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol)
PC:CBS <125um-l 530.5 555.6 6415.5 53.34 ± 1.30
50:50 <125ura-2 531.9 559.0 6337.1 52.69 ± 1.03
50K/min <125um-3 529.1 554.6 6246.6 51.93 ± 1.10
0 2  flow <125um Avg 530.5 556.4 6333.1 52.7 ± 0.70
PC:CBS <125um-l 555.6 561.8 5380.8 44.74 ± 1.01
80:20 <125um-2 531.9 556.5 5811.7 48.32 ± 1.01
50K/min <125um-3
0 2  flow <125um Avg 543.7 559.1 5596.3 46.5 ± 2.53
PC:CBS <125um-l 571.4 609.8 5981.8 49.73 ± 0.79
90:10 <125um-2 565.0 602.4 3746.3 31.15 ± 0.65
50K/min <125um-3 569.5 599.5 4521.7 37.59 ± 0.62
0 2  flow <125um Avg 568.6 603.9 4749.9 39.5 ± 9.44
Onset 3 Endset 3 m3 Ea 3 Error
(K.) (K.) ln(k) vs 1/T (kJ/mol) (kJ/mol)
PC:CBS <125um-l 579.0 603.9 3117.6 25.92 ± 0.57
50:50 <125um-2 578.0 602.4 3251.4 27.03 ± 0.50
5 OK/min <125um-3 575.7 602.4 3139.2 26.10 ± 0.53
0 2  flow <125um Avg 577.6 602.9 3169.4 26.4 ± 0.60
PC:CBS <125um-l 578.0 599.9 2064.6 153.69 ±
80:20 <125um-2 574.7 598.8 1909.0 15.87 ± 0.86
50K/min <125um-3
0 2  flow <125um Avg 576.4 599.3 1986.8 84.8 ± 97.45
PC:CBS <125um-l 625.0 672.0 9335.5 77.62 ± 0.58
90:10 <125utn-2 628.9 680.3 8419.9 70.00 ± 0.48
50K/min <125um-3 625.0 675.7 8164.8 67.88 ± 0.52












PC:CBS <125um-l 666,7 740.7 4487 37.30 ± 0.25
50:50 <125um-2 666.7 736.9 4478.6 37.24 ± 0.28
5 OK/min <125um-3 671.1 735.3 4606.8 38.30 ± 0.22
0 2  flow <125um Avg 668.2 737.7 4524.1 37.6 ± 0.60
PC:CBS <125um-l 645.2 694.4 6728.4 55.94 ± 0.38
80:20 <125um-2 641.0 694.4 6152.6 51.15 ± 0.39
50K/min <125um-3
0 2  flow <125um Avg 643.1 694.4 6440.5 53.5 ± 3.39
PC:CBS <125um-l 729.9 823.7 8969.6 74.57 ± 0.39
90:10 <125um-2 735.3 813.0 7788.5 64.75 ± 0.25
SOK/min <125um-3 714.3 502.5 7487.2 62.25 ± 0.17
0 2  flow <125um Avg 726.5 713.1 8081.8 67.2 ± 6.51
Onset 5 Endset 5 m5 Ea 5 Error
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol)
PC:CBS <125um-l 775.2 826.4 8603.6 71.53 ± 0.49
50:50 <125um-2 763.4 787.4 7805.2 64.89 ± 1.52
50K/min <125um-3 769.2 819.7 8797.9 73.15 ± 0.38
0 2  flow <125um Avg 769.3 811.2 8402.2 69.9 ± 4.37
PC:CBS <125um-l 741.3 826.4 8920 74.16 ± 0.32
80:20 <125um-2 724.6 800.0 7306.8 60.75 ± 0.25
50K/min <125um-3
0 2  flow <125um Avg 733.0 813.2 8113.4 67.5 ± 9.48
Table A.4-18. Onset and endset temperatures, and apparent Ea for oxidation of PC:CBS, 50:50, 80:20, 





m l Ea 1 
ln(k) vs 1/T (kJ/mol)
Error
(kJ/mol)
PC:CBS <125um-l 513.1 538.2 7846 65.23 ± 0.90
50:50 <125um-2 516.5 538.2 8076.5 67.15 ± 1.18
1 OK/min <125um-3 512.8 540.5 7757.5 64.50 ± 0.86
0 2  flow <125um Avg 514.1 539.0 7893.3 65.6 ± 1.37
PC:CBS <125um-l 609.8 689.7 6031.5 50.15 ± 0.58
80:20 <125um-2 609.8 666.7 6586.4 54.76 ± 0.39
1 OK/min <125um-3 613.5 666.7 7045.9 58.58 ± 0.39
0 2  flow <125um Avg 611.0 674.3 6554.6 54.5 ± 4.22
PC:CBS <125um-l 588.2 642.3 10329 85.88 ± 0.42
90:10 <125um-2 588.2 641.0 10625.0 88.34 ± 0.66
1 OK/min <125um-3 584.8 636.9 10102.0 83.99 ± 0.56
0 2  flow <125um Avg 587.1 640.1 10352.0 86.1 ± 2.18
Onset 2 Endset 2 m2 Ea 2 Error
(K) (K) ln (k )v s l /T  (kJ/mol) (kJ/mol)
PC:CBS <125um-l 555.6 584.8 3137.4 26.08 ± 0.69
50:50 <125um-2 555.6 588.2 3072.6 25.55 ± 0.70
lOK/min <125um-3 550.7 581.4 3215.9 26.74 ± 0.66
0 2  flow <125um Avg 553.9 584.8 3142.0 26.1 ± 0.60
PC:CBS <125um-l 719.4 784.3 14419 119.88 ± 0.42
80:20 <125um-2 716.8 784.3 14538.0 120.87 ± 0.42
lOK/min <125um-3 729.9 793.7 14564.0 121.09 ± 0.36
0 2  flow <125um Avg 722.1 787.4 14507.0 120.6 ± 0.64
PC:CBS <125um-l 724.6 793.7 14368 119.46 ± 0.37
90:10 <125um-2 721.0 793.7 14772.0 122.81 ± 0.32
lOK/min <125um-3 717.9 779.4 14661.0 121.89 ± 0.40












PC:CBS <125um-l 632.9 719.4 4501.1 37.42 ± 0.21
50:50 <125um-2 641.0 689.7 4433.6 36.86 ± 0.54
lOK/min <125um-3 632.9 714.3 4524.3 37.62 ± 0.23
0 2  flow <125um Avg 635.6 707.8 4486.3 37.3 ± 0.39
Onset 4 Endset 4 m4 Ea 4 Error
(K) (K.) ln(k) vs 1/T (ki/mol) (kJ/mol)
PC:CBS <125um-l 736.9 781.9 15207 126.43 ± 0.81
50:50 <125um-2 739.1 775.2 14227.0 118.28 ± 0.94
1 OK/min <125um-3 735.8 769.2 14586.0 121.27 ± 0.99
0 2  flow <125um Avg 737.3 775.4 14673.3 122.0 ± 4.12
Table A.4-19. Onset and endset temperatures, apparent Ea, and mass loss fractions for oxidation of
VC:BSG, 50:50, 80:20,90:10 at 100 K/min.
Onset 1 Endset 1 m l Ea 1 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
VC:BSG <125um-l 495.5 567.9 9589.5 79.73 ± 1.80 5.593
50:50 <125um-2 517.1 571.8 12251.0 101.85 ± 2.34 6.500
lOOK/min <125um-3 514.9 575.4 12429.0 103.33 ± 2.10 7.937
0 2  flow <125um Avg 509.2 571.7 11423.2 95.0 ± 13.22 6.676 ±  1.182
VC:BSG <125um-l 509.4 564.0 13138 109.23 ± 2.13 2.587
80:20 <125um-2 507.6 561.8 13754.0 114.35 ± 2.37 2.594
lOOK/min <125um-3 510.2 568.2 13283.0 110.43 ± 1.93 3.126
0 2  flow <125um Avg 509.1 564.7 13391.7 111.3 ± 2.68 2.769 ±  0.309
VC:BSG <125um-l 506.8 569.5 14103 117.25 ± 2.52 1.841
90:10 <125um-2 510.2 569.2 15459.0 128.53 ± 2.04 2.087
lOOK/min <125um-3 512.8 566.3 15551.0 129.29 ± 2.08 1.616
0 2  flow <125um Avg 510.0 568.3 15037.7 125.0 ± 6.74 1.848 ±  0.235
Onset 2 Endset 2 m2 Ea 2 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
VC:BSG <125um-l 746.3 847.5 6627.1 55.10 ± 0.41 18.393
50:50 <125um-2 744.0 848.9 5691.9 47.32 ± 0.23 17.211
lOOK/min <125um-3 731.5 840.3 5498.8 45.72 ± 0.28 17.046
0 2  flow <125um Avg 740.6 845.6 5939.3 49.4 ± 5.02 17.550 ± 0.735
VC:BSG <125um-l 725.2 840.3 4661.9 38.76 ± 0.25 16.691
80:20 <125um-2 719.4 847.5 4233.0 35.19 ± 0.20 17.843
lOOK/min <125um-3 729.9 847.5 4527.5 37.64 ± 0.26 17.085
02  flow <125um Avg 724.8 845.1 4474.1 37.2 ± 1.82 17.206 ±  0.586
VC:BSG <125um-l 680.3 840.3 4278.6 35.57 ± 0.19 21.582
90:10 <125um-2 666.7 842.5 4185.3 34.80 ± 0.12 22.853
lOOK/min <125um-3 671.1 835.4 4005.4 33.30 ± 0.11 20.578
0 2  flow <125um Avg 672.7 839.4 4156.4 34.6 ± 1.15 21.671 ±  1.140
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Table A.4-20. Onset and endset temperatures, apparent Ea, and mass loss fractions for oxidation of













VC:BSG <125um-l 498.3 558.7 12709 105.66 ± 1.12 4.592
50:50 <125um-2 493.3 555.6 12190.0 101.35 ± 1.17 4.212
50K/min <125um-3 485.4 559.6 11256.0 93.58 ± 0.89 4.835
0 2  flow <125um Avg 492.3 557.9 12051.7 100.2 ± 6.12 4.547 ± 0.314
VC:BSG <125um-l 500.0 579.0 11958 99.42 ± 0.69 3.564
80:20 <125um-2 512.8 576.4 12141.0 100.94 ± 0.75 3.221
50K/min <125um-3 515.7 579.4 12056.0 100.23 ± 0.71 3.498
0 2  flow <125um Avg 509.5 578.3 12051.7 100.2 ± 0.76 3.428 ± 0.182
VC:BSG <125um-l 526.3 579.0 12924 107.45 ± 0.83 1.421
90:10 <125um-2 517.1 577.7 11734.0 97.56 ± 1.03 1.413
5 OK/min <125um-3 531.9 579.0 12132.0 100.87 ± 0.93 1.640
0 2  flow <125um Avg 525.1 578.6 12263.3 102.0 ± 5.04 1.492 ± 0.129
Onset 2 Endset 2 m2 Ea 2 Error Mass loss
(K) (K) ln(k) vs I T (kJ/mol) (kJ/mol) (%)
VC:BSG <125um-l 727.3 797.4 7762.1 64.53 ± 0.29 16.466
50:50 <125um-2 710.2 791.8 6567.3 54.60 ± 0.27 16.149
5 OK/min <125um-3 727.8 829.2 7537.4 62.67 ± 0.17 25.367
0 2  flow <125um Avg 721.8 806.1 7288.9 60.6 5.28 19.327 ± 5.233
VC:BSG <125um-l ±
80:20 <125um-2 617.5 626.3 42.8 0.36 ± 0.17 26.367
5 OK/min <125um-3 ±
0 2  flow <125um Avg 617.5 626.3 42.8 0.4 db 0.17 26.367
VC:BSG <125um-l 613.5 641.0 1090.6 9.07 ± 0.69 1.709
90:10 <125um-2 622.7 636.9 821.7 6.83 ± 1.22 0.881
5 OK/min <125um-3 618.4 641.8 233.2 1.94 ± 0.78 1.532
0 2  flow <125um Avg 618.2 639.9 715.2 5.9 ± 3.65 1.374 ± 0.436
Onset 3 Endset 3 m3 Ea 3 Error Mass loss
(K) (K) ln(k) vs I T (kJ/mol) (kJ/mol) (%)
VC:BSG <125um-l 774.0 898.5 7090.5 58.95 0.12 34.318
80:20 <125um-2 760.5 874.9 6811.8 56.63 0.17 26.367
5 OK/m in <125um-3 757.6 896.9 6602.1 54.89 0.15 30.690
0 2  flow <125um Avg 764.0 890.1 6834.8 56.8 ± 2.04 30.458 ± 3.981
VC:BSG <125um-l 669.8 779.4 3622.2 30.11 0.11 10.374
90:10 <125um-2 660.1 721.2 3803.9 31.63 0.28 4.304
50K/min <125um-3 669.3 729.9 3567.7 29.66 0.27 4.733
0 2  flow <125um Avg 666.4 743.5 3664.6 30.5 ± 1.03 6.470 ± 3.388
Table A.4-21. Onset and endset temperatures, apparent Ea, and mass loss fractions for oxidation o f
V C :B S G , 50:50, 80:20, 90:10 at 10 K/min.
Onset 1 Endset 1 m l Ea 1 Error Mass loss
(K) (K) ln(k) vs I T (kJ/mol) (kJ/mol) (%)
VC:BSG <125um-l
50:50 <125um-2 512.3 554.9 14657.0 121.86 ± 0.60 6.446
lOK/min <125um-3 507.6 555.9 14768.0 122.78 ± 0.38 7.351
0 2  flow <125um Avg 510.0 555.4 14712.5 122.3 ± 0.65 6.899 ±  0.640
VC:BSG <125um-l 530.2 548.5 23784 197.74 ± 2.98 1.011
80:20 <125um-2 530.5 547.3 22850.0 189.97 ± 2.56 0.898
lOK/min <125um-3 532.5 548.8 23899.0 198.70 ± 3.88 0.915
0 2  flow <125um Avg 531.1 548.2 23511.0 195.5 ± 4.78 0.941 ±  0.061
VC:BSG 125um-l 550.4 561.8 15035 125.00 ± 6.54 0.520
90:10 125um-2 552.5 566.3 11589.0 96.35 =t 6.15 0.613
lOK/min 125utn-3 549.5 561.8 16429.0 136.59 ± 10.64 0.514















50:50 <125um-2 718.9 819.0 11911.0 99.03 ± 0.27 40.696
lOK/min <125um-3 721.5 803.9 13082.0 108.76 ± 0.30 37.502
02  flow <125um Avg 720.2 811.4 12496.5 103.9 ± 6.88 39.099 ± 2.258
VC:BSG <125um-l 607.9 680.3 2872 23.88 ± 0.23 14.563
80:20 <125um-2 602.4 657.9 3281.0 27.28 ± 0.32 10.409
lOK/min <125um-3 609.8 662.3 3226.9 26.83 ± 0.35 10.164
0 2  flow <125um Avg 606.7 666.8 3126.6 26.0 ± 1.85 11.712 ±  2.472
VC:BSG 125um-l 594.5 648.1 6445.2 53.59 ± 0.36 7.412
90:10 125um-2 603.5 641.0 6936.0 57.67 ± 0.59 5.066
lOK/min 125um-3 605.0 649.8 6369.2 52.95 ± 0.44 6.540
0 2  flow 125um Avg 601.0 646.3 6583.5 54.7 ± 2.56 6.339 ± 1.186
Onset 3 Endset 3 m3 Ea 3 Error Mass loss
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol) (%)
VC:BSG <125um-l 726.2 796.8 14633 121.66 ± 0.34 44.378
80:20 <125um-2 724.6 800.0 14355.0 119.35 ± 0.36 45.790
1 OK/min <125um-3 723.1 802.6 14583.0 121.24 0.35 49.435
0 2  flow <125um Avg 724.6 799.8 14523.7 120.7 db 1.23 46.534 ±  2.609
VC: BSG 125um-l 714.3 819.7 13453 111.85 ± 0.27 63.858
90:10 125um-2 718.4 813.0 13958.0 116.05 ± 0.32 59.875
lOK/min 125um-3 714.3 813.0 13039.0 108.41 ± 0.28 58.345
0 2  flow 125um Avg 715.7 815.2 13483.3 112.1 ± 3.83 60.693 ±  2.846












VC:CBS <125um-l 432.9 518.4 4766.4 39.63 ± 0.54
50:50 <125um-2 435.2 518.1 4895.0 40.70 ± 0.53
lOOK/min <125um-3 440.5 510.7 4647.7 38.64 ± 0.69
0 2  flow <125um Avg 436.20 515.75 39.66 ± 1.03
VCCBS <125um-l 448.4 515.7 3538.8 29.42 ± 0.71
80:20 <125um-2 452.5 518.4 3691.7 30.69 ± 0.68
lOOK/min <125um-3 448.4 506.1 3297.6 27.42 ± 0.76
0 2  flow <125um Avg 449.78 513.40 29.18 ± 1.65
VCCBS <125um-l 476.2 520.3 2532.9 21.06 ± 0.60
90:10 <125um-2 478.5 521.4 2580.2 21.45 ± 0.49
lOOK/min <125um-3
02  flow <125um Avg 477.33 520.83 21.26 ± 0.28
Onset 2 Endset 2 m2 Ea 2 Error
(K) (K.) ln(k) vs 1/T (kJ/mol) (kJ/mol)
VCCBS <125um-l 531.9 565.0 4768.4 39.64 ± 1.33
50:50 <125um-2 531.9 565.3 4701.4 39.09 ± 1.18
lOOK/min <125um-3 529.1 565.0 4741.1 39.42 ± 1.20
0 2  flow <125um Avg 530.98 565.08 39.38 ± 0.28
VCCBS <125um-l 529.9 563.4 4516.8 37.55 ± 1.17
80:20 <125um-2 526.3 566.3 4185.3 34.80 ± 0.88
lOOK/min <125um-3 530.2 563.4 4275.1 35.54 ± 1.09
0 2  flow <125um Avg 528.83 564.34 35.96 ± 1.43
VCCBS <125um-l 535.6 565.9 4262.9 35.44 ± 1.30
90:10 <125um-2 531.9 565.9 4065.2 33.80 ± 1.04
lOOK/min <125um-3












VC:CBS <125um-l 577.4 600.6 2788.5 23.18 ± 0.94
50:50 <125um-2 576.0 600.6 2714.9 22.57 ± 0.90
lOOK/min <125um-3 575.7 600.6 2652.4 22.05 ± 1.08
02 flow <125um Avg 576.37 600.60 22.60 ± 0.57
VC:CBS <125um-l 568.2 599.9 1829.9 15.21 ± 0.74
80:20 <125um-2
lOOK/min <125um-3
02 flow <125um Avg 568.18 599.92 15.21 ±
VC:CBS <125um-l 575.7 609.8 2559.4 21.28 ± 0.55
90:10 <125um-2 574.7 607.9 2707.0 22.51 ± 0.81
lOOK/min <125um-3
02 flow <125um Avg 575.21 608.83 21.89 ± 0.87
Onset 4 Endset 4 m4 Ea4 Error
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol)
VC:CBS <125um-l 706.2 833.3 3403.9 28.30 ± 0.16
50:50 <125um-2 720.5 840.3 3095.5 25.74 ± 0.17
lOOK/min <125um-3 715.3 847.5 3269.0 27.18 ± 0.21
02 flow <125um Avg 713.99 840.38 27.07 ± 1.29
VCCBS <125um-l 645.2 714.3 3561.5 29.61 ± 0.44
80:20 <125um-2 653.6 724.6 3117.0 25.91 ± 0.33
lOOK/min <125um-3 657.9 740.7 3280.6 27.27 ± 0.28
02 flow <125um Avg 652.22 726.55 27.60 ± 1.87
VC:CBS <125um-l 633.7 690.6 4481.3 37.26 ± 0.52
90:10 <125um-2 637.3 697.8 4503.3 37.44 ± 0.54
lOOK/min <125um-3
02 flow <125um Avg 635.53 694.22 37.35 ± 0.13
Onset 5 Endset 5 m5 Ea 5 Error
(K) (K) ln(k) vs 1/T (kJ/mol) (kJ/mol)
VCCBS <125um-l 746.3 819.7 5586.2 46.44 ± 0.37
80:20 <125um-2 743.5 833.3 5488.5 45.63 ± 0.35
lOOK/min <125um-3 753.6 833.3 5125.5 42.61 0.36
02 flow <125um Avg 747.78 828.78 44.90 ± 2.02
VCCBS <125um-l 754.1 862.1 5794.1 48.17 ± 0.24
90:10 <125um-2 756.4 848.9 5573.9 46.34 ± 0.29
lOOK/min <125um-3
02 flow <125um Avg 755.29 855.48 47.26 ± 1.29
Table A.4-23. Onset and endset temperatures, and apparent Ea for oxidation of VC:CBS, 50:50, 80:20, 











VCCBS <125um-l 448.4 510.2 6193.9 51.50 ± 0.26
50:50 <125um-2 456.6 508.6 6178.3 51.37 ± 0.39
50K/min <125um-3 458.7 507.6 6206.2 51.60 ± 0.36
0 2  flow <125um Avg 454.59 508.82 51.49 ± 0.12
VCCBS <125um-l 457.5 510.2 6230.7 51.80 ± 0.48
80:20 <125um-2 461.3 512.8 5719.8 47.55 ± 0.38
SOK/min <125um-3 454.5 508.4 5869.3 48.80 ± 0.33




Endset 2 m2 Ea 2 Error 
(K) ln(k) vs 1/T (kJ/mol) (kJ/mol)
VC:CBS <125um-l 529.7 555.6 5985.8 49.77 ± 0.96
50:50 <125um-2 527.4 555.6 5869.5 48.80 ± 0.92
50K/min <125um-3 530.8 559.9 6123.4 50.91 ± 0.90
02 flow <125um Avg 529.29 557.01 49.82 ± 1.06
VC:CBS <125um-l 526.3 555.6 5834.7 48.51 ± 1.06
80:20 <125um-2 526.3 554.9 6048.3 50.29 ± 0.90
50K/min <125um-3 520.8 555.6 5546.6 46.11 ± 0.79
02 flow <125um Avg 524.49 555.35 48.30 ± 2.09
Onset 3 Endset 3 m3 Ea 3 Error
(K.) (K.) ln(k) vs I T (kJ/mol) (ki/mol)
VC:CBS <125um-l 569.8 595.2 3566.4 29.65 ± 0.85
50:50 <125um-2 571.4 598.8 3132.4 26.04 ± 0.60
50K/min <125um-3 574.7 598.8 3304.4 27.47 ± 0.54
02 flow <125um Avg 571.98 597.61 27.72 ±  1.82
VC:CBS <125um-l 566.3 600.6 2230.1 18.54 ± 0.28
80:20 <125um-2 566.9 595.2 2334.0 19.40 ± 0.48
50K/min <125um-3 565.0 591.7 2348.0 19.52 ± 0.49
02 flow <125um Avg 566.04 595.85 19.16 ± 0.54
Onset 4 Endset 4 m4 Ea 4 Error
(K.) (K) ln(k) vs I T (kJ/mol) (kJ/mol)
VC:CBS <125um-l 677.0 742.4 5567.4 46.29 ± 0.22
50:50 <125ura-2 684.9 740.7 4820.4 40.08 ± 2.42
50K/min <125um-3 680.3 733.1 4636.8 38.55 ± 0.24
02 flow <125um Avg 680.75 738.76 41.64 ± 4.10
VC:CBS <125um-l 632.9 694.4 4516.8 37.55 ± 0.23
80:20 <125um-2 645.2 751.9 4801.4 39.92 ± 0.15
50K/min <125um-3 565.0 690.6 3681.0 30.60 ± 0.29
02 flow <125um Avg 614.35 712.31 36.03 ±  4.84
VC:CBS <125um-l 571.4 672.9 5288.7 43.97 ± 0.24
90:10 <125um-2 618.4 668.9 5792.2 48.16 ± 0.43
50K/min <125um-3 632.9 677.0 7064.6 58.74 ± 0.50
02 flow <125um Avg 607.59 672.96 50.29 ±  7.61
Onset 5 Endset 5 m5 Ea 5 Error
(K) (K) ln(k) vs I T (kJ/mol) (kJ/mol)
VC:CBS <125um-l 632.9 694.4 4516.8 37.55 ± 0.23
80:20 <125um-2 748.5 819.7 8109.4 67.42 ± 0.29
50K/min <125um-3 719.4 835.4 6365.3 52.92 ± 0.20
02 flow <125um Avg 700.28 783.18 52.63 ± 14.94
VC:CBS <125um-l 736.4 811.7 9172.3 76.26 ± 0.35
90:10 <125um-2 729.9 806.5 7338.1 61.01 ± 0.87
50K/min <125um-3 763.4 848.2 9051.8 75.26 ± 0.27
02 flow <125um Avg 743.22 822.11 70.84 ± 8.53
Table A.4-24. Onset and endset temperatures, and apparent Ea for oxidation of VC:CBS, 50:50, 80:20, 











VC:CBS <125um-l 465.1 492.6 7327.0 60.92 ± 1.04
50:50 <125um-2 446.4 492.6 7297.9 60.67 ± 0.48
lOK/min <125um-3 456.6 500.0 6810.3 56.62 ± 0.51




Endset 2 m2 Ea 2 
(K) ln(k) vs 1/T (kJ/mol)
Error
(kJ/mol)
VOCBS <125um-l 511.5 539.1 7555.7 62.82 ± 0.78
50:50 <125um-2 517.3 538.2 8099.4 67.34 ± 0.98
1 OK/min <125um-3 516.8 538.2 7802.6 64.87 ± 0.95
02  flow <125um Avg 515.21 538.50 65.01 ± 2.26
Onset 3 Endset 3 m3 Ea 3 Error
(K.) <K) ln(k) vs 1/T (kJ/mol) (kJ/mol)
VCrCBS <125um-l 550.7 578.4 3462.8 28.79 ± 0.88
50:50 <125um-2 551.0 575.7 3580.1 29.76 ± 0.88
10K/min <125um-3 548.5 580.4 3314.4 27.56 ± 0.66
02  flow <125um Avg 550.06 578.15 28.70 ± 1.11
VC:CBS <125um-l 602.4 652.7 5484.8 45.60 ± 0.41
80:20 <125um-2 592.8 664.5 4779.8 39.74 ± 0.24
1 OK/min <125um-3 598.8 647.7 5168.6 42.97 ± 0.38
02  flow <125um Avg 597.99 654.95 42.77 ± 2.94
Onset 4 Endset 4 m4 Ea4 Error
(K) (K) ln(k) vs I T (kJ/mol) (kJ/mol)
VOCBS <125um-l 714.3 736.9 19531.0 162.38 ± 1.48
50:50 <125um-2 706.7 725.9 18252.0 151.75 ± 2.27
1 OK/min <125um-3 714.3 733.7 17361.0 144.34 ± 2.03
02 flow <125um Avg 711.76 732.17 152.82 ± 9.07
VOCBS <125um-l 735.3 796.2 13858.0 115.22 ± 0.46
80:20 <125um-2 729.9 787.4 14031.0 116.65 ± 0.51
1 OK/min <125um-3 740.7 789.9 15683.0 130.39 ± 0.54
02 flow <125um Avg 735.32 791.16 120.75 ± 8.38
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A.5 GC-MS Results for Tentatively Identified Compounds (TIC) for Pyrolysis of 
Fuels
Table A.5-1. GC-MS TIC for BSG pyrolyzed in He from 110 to 900 °C at 100 °C/min.
Compound Name m/z StartRT EndRT Area%
Cyclotetrasiloxane, octamethyl- 281 31.395 31.550 1.33
DL-Threonine, N-glycyl- 114 34.460 34.660 6.31
Acetic acid, 2-ethylhexyl ester 43 36.205 36.325 0.83
2,5-Dimethyl-4-hydroxy-3(2H)-furanone 43 36.325 36.385 0.69
Phenol, 4-methyl- 107 36.385 36.605 3.47
Cyclopentasiloxane, decamethyl- 73 36.830 36.990 2.80
2-Nonenal, (E)- 107 37.955 38.035 0.23
5,6-Dimethyltetrahydro-1,3-oxazine-2-thione 142 38.510 38.675 1.44
1,4:3,6-Dianhydro-. alpha.-d-glucopyranose 69 38.675 38.830 2.08
Cyclohexasiloxane, dodecamethyl- 73 39.350 39.430 0.31
Cyclodecane, methyl- 137 39.490 39.570 0.18
Hexadecane 57 39.595 39.690 0.25
Cyclohexasiloxane, dodecamethyl- 73 39.810 39.875 1.86
Indole 117 39.875 39.930 0.55
D-Erythro-Pentose, 2-deoxy- 43 39.930 40.040 1.26
2-Methoxy-4-vinylphenol 135 40.040 40.200 2.98
1-Tridecene 41 40.905 40.965 0.25
Tetradecane 57 40.965 41.050 0.22
Cycloheptasiloxane, tetradecamethyl- 73 41.615 41.680 0.18
Cycloheptasiloxane, tetradecamethyl- 73 42.170 42.260 1.71
Tetradecane 57 42.260 42.360 0.48
1,2-Cyclohexanediol, monoacetate 43 43.320 43.440 0.46
1-Dodecanol 57 43.440 43.525 0.17
Cyclooctasiloxane, hexadecamethyl- 73 44.210 44.300 1.16
Cyclononasiloxane, octadecamethyl- 73 45.965 46.040 0.41
Cyclooctasiloxane, hexadecamethyl- 73 46.605 46.760 0.33
Pentadecanenitrile 81 46.935 46.990 0.27
n-Hexadecanoic acid 73 47.575 47.790 22.89
Pyrrolo[ 1,2-a]pyrazine-1,4-dione, hexahydro-3-(2- 70 47.790 47.870 2.28methylpropyl)-
5,1O-Diethoxy-2,3,7,8-tetrahydro-1 H,6H-dipyrrolo[ 1,2-a 70 47.870 48.055 2.54
Octadecanoic acid, 2-propenyl ester 41 48.565 48.640 0.53
9,12-Octadecadienoic acid (Z,Z)- 67 49.230 49.505 18.24
Octadecanoic acid 73 49.505 49.625 4.02
n-Pentadecanol 83 49.625 49.680 0.58
9-Octadecenamide, (Z)- 59 49.680 49.845 1.26
Tetratriacontane 57 50.540 50.620 0.34
5,10-Diethoxy-2,3,7,8-tetrahydro-1 H,6H-dipyrrolo[ 1,2-a 70 50.990 51.250 5.13
9-Octadecenamide, (Z)- 59 51.250 51.485 4.16
Pyrrolo[ 1,2-a]pyrazine-l ,4-dione, hexahydro-3- 125 51.485 51.675 1.88(phenylmethyl)-
Pyrrolo[ 1,2-a]pyrazine-1,4-dione, hexahydro-3- 125 51.790 51.965 1.36
(phenylmethyl)-
Heneicosane 57 52.180 52.250 0.23
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T a b le  A .5 -1 . (Continued).
Heneicosane 57 53.680 53.765 0.21
T etratetracontane 57 55.150 55.235 0.24
Cholest-5-en-3-ol (3 .beta.)-, carbonochloridate 81 56.645 56.760 0.41
Cholest-5-en-3-ol (3.beta.)-, carbonochloridate 81 57.590 57.730 1.49
Table A.5-2. GC-MS TIC for CBS pyrolyzed in He from 110 to 900 °C at 100 °C/min.
Compound Name m/z StartRT EndRT A rea %
1-Propanol, 2-amino-, (S)- 44 17.950 18.890 17.94
Alanine 44 18.975 19.765 19.44
6-Oxa-bicyclo[3.1.0]hexan-3-one 98 33.055 33.315 1.39
Phenol 94 34.885 35.105 1.33
1-Undecyne 67 35.505 35.835 1.46
Ethoxy(methoxy)methylsilane 105 35.965 36.155 0.77
Phenol, 2-methyl- 108 36.155 36.375 1.47
Phenol, 2-methoxy- 109 36.445 36.575 0.60
Phenol, 4-methyl- 107 36.575 36.775 1.89
Pentanal 44 36.775 36.985 3.27
Levoglucosenone 39 36.985 37.115 0.34
5-Hydroxy-2-methyl-hex-3-enoic acid 43 37.115 37.415 1.33
1,3-Propanediol, 2-(phenylmethyl)- 91 37.415 37.715 1.34
Phenol, 2,5-dimethyl- 122 37.715 37.945 0.74
Dodecane 57 38.075 38.175 0.53
Sucrose 57 38.505 38.685 0.64
Isosorbide 69 38.685 38.865 1.66
Tetrahydrofuran-5-on-2-methanol, ,alpha.-[.alpha.- 85 38.865 39.045 0.77methoxy-(tetrahydrofuran-5-on-2-ylmethoxy)]-
Benzaldehyde, 3-methyl- 91 39.055 39.255 0.74
1-Tridecene 41 39.405 39.545 0.35
Tetradecane 57 39.545 39.665 0.40
Indole 117 39.945 40.065 0.67
2-Methoxy-4-vinylphenol 150 40.065 40.255 0.84
Tetradecane 57 40.955 41.135 0.61
lH-Indole, 3-methyl- 130 41.195 41.345 0.47
Tetradecane 57 42.255 42.335 0.67
1-Pentadecene 83 43.395 43.495 0.45
Heptadecane 57 44.645 44.715 0.60
Caffeine 194 46.945 47.305 2.83
n-Hexadecanoic acid 73 47.455 47.735 8.49
Heptadecane 57 47.735 47.855 4.30
Theobromine 180 47.855 48.305 7.51
Octadecanoic acid, 2-propenyl ester 41 48.525 48.635 0.47
Nonadecane 57 48.695 48.835 0.73
2-Nonadecanone 58 48.835 48.925 0.43
Heptadecanenitrile 57 48.925 49.025 0.32
Oleic Acid 55 49.255 49.485 3.29
Octadecanoic acid 73 49.485 49.655 3.63
Heneicosane 57 49.655 49.745 0.72
Hexadecanamide 59 49.745 49.935 0.74
9-Octadecenoic acid, 1,2,3-propanetriyl ester, (E,E,E)- 41 50.115 50.295 0.64
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Table A.5-2. (Continued).
Octadecanoic acid, 2-propenyl ester 41 50.355 50.465 0.60
13-Docosenamide, (Z)- 59 51.255 51.475 0.49
Octadecanamide 59 56.315 56.485 0.42
Cholest-5-en-3-ol (3 .beta.)-, carbonochloridate 81 57.535 57.835 1.68
Table A.5-3. G C -M S TIC for U lN o.6 C oal pyrolyzed  in He from  110 to 9 0 0 °C  at 100 °C /m in.
Compound Name mJz StartRT EndRT Area %
Phenol, 2-methyl- 108 35.935 36.060 5.34
Phenol, 3-methyl- 107 36.335 36.410 8.40
Undecane 57 36.410 36.505 5.80
Phenol, 2,5-dimethyl- 122 36.755 36.835 1.23
Benzene, 1 -methyl-1,2-propadienyl- 115 37.380 37.490 3.58
Phenol, 2,5-dimethyl- 122 37.490 37.665 9.20
Phenol, 2,3-dimethyl- 107 37.885 37.975 5.34
1-Dodecene 43 37.975 38.025 2.81
Naphthalene 128 38.025 38.100 4.38
Tridecane 57 38.100 38.170 2.28
Undecane, 2,6-dimethyl- 57 38.305 38.390 2.34
Phenol, 2,3,5-trimethyl- 121 38.390 38.470 1.70
Benzofuran, 4,7-dimethyl- 145 38.470 38.585 0.83
Phenol, 3-(l-methylethyl)- 121 38.770 38.895 2.33
Phenol, 2-ethyl-4-methyl- 121 38.895 39.015 1.26
lH-Indene, 1,3-dimethyl- 129 39.120 39.280 1.74
Phenol, 3-ethyl-5-methyl- 121 39.280 39.375 3.56
Phenol, 2,4,5-trimethyl- 121 39.375 39.450 1.39
1-Tridecene 41 39.500 39.550 1.41
Tridecane 57 39.590 39.665 1.83
lH-3a,7-Methanoazulene-6-methanol, 2,3,4,7,8,8a- 
hexahydro-3,8,8-trimethyl-, [3R- 135 39.680 39.760 1.24
(3.alpha.,3a.beta.,7.beta.,8a.alpha.)]- 
Naphthalene, 1-methyl- 142 39.760 39.875 3.39
Naphthalene, 1-methyl- 142 40.030 40.100 1.40
Oxalic acid, heptyl 2-isopropylphenyl ester 121 40.500 40.580 1.23
1-Tetradecene 43 40.890 40.965 1.21
Tetradecane 57 40.990 41.060 1.32
Naphthalene, 2,6-dimethyl- 156 41.335 41.420 1.68
Naphthalene, 1,2-dimethyl- 156 41.525 41.595 2.10
Naphthalene, 2,6-dimethyl- 156 41.595 41.655 1.03
1,4-Diethyl-2-piperazinone 141 41.805 41.875 1.82
1-Pentadecene 83 42.200 42.280 0.84
Tetradecane 57 42.290 42.345 1.19
Tetradecane 57 43.510 43.565 1.05
Heptadecane 57 44.665 44.725 1.41
Pentadecane, 2,6,10,14-tetramethyl- 57 44.725 44.795 1.19
1-Dodecanol, 3 ,7 ,11-trimethyl- 69 45.005 45.075 1.44
Heptadecane 57 45.760 45.820 1.09
Heptadecane 57 46.805 46.860 1.03
n-Hexadecanoic acid 73 47.530 47.625 1.45
Heneicosane 57 47.795 47.855 0.94
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Table A.5-3. (Continued).
Heneicosane 57 48.750 48.800 0.88
Heneicosane 57 49.660 49.710 0.89
Heneicosane 57 50.530 50.585 1.10
Heneicosane 57 51.375 51.435 0.96
Heneicosane 57 53.660 53.740 1.37
Table A.5-4. GC-MS TIC for PA Coal pyrolyzed in He from 110 to 900 °C at 100 °C/min.
Compound Name mJz StartRT EndRT Area %
Phenol, 2-methyl- 108 36.010 36.195 7.68
Phenol, 4-methyl- 107 36.430 36.560 9.88
7-Heptadecene, 1-chloro- 3 36.560 36.640 1.54
Phenol, 2,6-dimethyl- 122 36.820 36.905 1.70
2 ,4-Dimethylstyrene 107 37.440 37.535 2.59
Phenol, 2,5-dimethyl- 122 37.535 37.765 10.09
Phenol, 3,4-dimethyl-, methylcarhamate 107 37.960 38.065 6.32
2-Naphthalenol, 1,2-dihydro-, acetate 128 38.065 38.110 2.35
Phenol, 2,6-dimethyl- 128 38.110 38.195 4.44
Phenol, 2,4,6-trimethyl- 121 38.405 38.510 2.73
Phenol, 2-ethyl-4-methyl- 121 39.000 39.080 1.94
2-Bromotetradecane 57 39.080 39.160 1.18
Phenol, 3-ethyl-5-methyl- 121 39.345 39.425 2.75
Phenol, 2,4,5-trimethyl- 121 39.425 39.515 1.53
Bicyclo[4.1.0]heptan-3-ol, 4,7,7-trimethyl-, [1R- 
(1.alpha.,3 .alpha.,4.alpha.,6.alpha.)]-
121 39.515 39.585 2.18
Tetradecane 57 39.635 39.695 1.25
Naphthalene, 2-methyl- 142 39.815 39.910 3.94
Naphthalene, 2-methyl- 142 40.060 40.145 2.46
1-Tetradecene 41 40.935 40.980 0.69
Tetradecane 57 41.025 41.085 1.44
Naphthalene, 1-ethyl- 141 41.220 41.385 1.75
Naphthalene, 1,5-dimethyl- 156 41.385 41.460 1.78
Naphthalene, 2,3-dimethyl- 141 41.565 41.645 3.65
Naphthalene, 2,6-dimethyl- 156 41.645 41.710 2.01
Naphthalene, 1,3-dimethyl- 141 41.875 41.915 0.96
1-Pentadecene 69 42.240 42.290 0.68
Tetradecane 57 42.325 42.380 1.21
Naphthalene, 2,3,6-trimethyl- 170 42.910 43.015 0.87
Naphthalene, 2,3,6-trimethyl- 170 43.015 43.090 0.77
1-Heptadecene 83 43.455 43.535 1.31
Tetradecane 57 43.540 43.610 1.30
Naphthalene, 2,3,6-trimethyl- 155 43.760 43.830 1.28
Pentadecane, 2,6,10,14-tetramethyl- 57 44.105 44.160 0.70
Heptadecane 57 44.700 44.760 1.55
Hexadecane, 2,6,10,14-tetramethyl- 57 44.760 44.825 1.91
Azulene, 7-ethyl-1,4-dimethyl- 184 45.470 45.540 1.12
Octadecane 57 45.795 45.855 1.12
Heneicosane 57 46.840 46.895 1.26
Cyclotetradecane 83 47.785 47.845 0.66
Heneicosane 57 47.845 47.890 1.12
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Table A.5-4. (Continued).
n-Nonadecanol-1 83 48.740 48.790 0.84
Heneicosane 57 48.790 48.840 1.23
Heneicosane 57 49.705 49.750 0.75
Heneicosane 57 50.575 50.625 0.73
T etratetracontane 57 54.440 54.510 0.76
Table A.5-5. GC-MS TIC for Yen Coal pyrolyzed in He from 110 to 900 °C at 100 °C/min.
Compound name m/z StartRT EndRT Area %
1-Decene 41 34.235 34.325 1.12
Phenol, 2-methyl- 108 35.980 36.090 1.72
1-Undecene 41 36.275 36.350 1.38
Undecane 57 36.405 36.525 3.07
Phenol, 2,5-dimethyl- 122 37.570 37.695 2.59
1-Dodecene 43 37.955 38.055 2.62
Phenol, 2,6-dimethyl- 107 38.055 38.115 0.95
Hexadecane 57 38.115 38.180 2.04
1-Tridecene 41 39.500 39.565 1.94
Hexadecane 57 39.610 39.685 1.89
1-Tetradecene 43 40.910 40.970 1.76
Tetradecane 57 40.970 41.070 2.13
Dodecane, 4,6-dimethyl- 71 41.820 41.890 0.73
1-Pentadecene 41 42.215 42.280 1.73
Tetradecane 57 42.280 42.370 2.15
1-Pentadecene 83 43.450 43.520 1.60
Tetradecane 57 43.525 43.590 2.04
1-Heptadecene 83 44.610 44.680 1.57
Heptadecane 57 44.680 44.740 2.37
Hexadecane, 2,6,10,14- 57 44.740 44.805 1.55tetramethyl-
1-Dodecanol, 3 ,7 ,11-trimethyl- 69 45.025 45.090 0.66
1-Heptadecene 83 45.710 45.775 1.67
Heptadecane 57 45.775 45.840 2.19
1-Heptadecene 83 46.760 46.820 1.68
Heptadecane 57 46.825 46.885 2.36
1-Nonadecene 83 47.765 47.820 1.92
Heneicosane 57 47.820 47.875 2.77
1-Nonadecene 83 48.720 48.775 2.14
Heneicosane 57 48.775 48.830 3.09
1-Nonadecene 83 49.635 49.685 2.20
Heneicosane 57 49.685 49.740 3.33
n-Nonadecanol-1 83 50.510 50.560 2.12
Heneicosane 57 50.560 50.610 3.51
Behenic alcohol 83 51.350 51.400 1.99
Heneicosane 57 51.400 51.445 3.23
2-tert-Butyl-l-
phenylnaphthalene 245 51.725 51.810 1.33
Behenic alcohol 97 52.160 52.205 1.91
Heneicosane 57 52.205 52.250 3.05
1-Heptacosanol 97 52.940 52.980 1.69
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Heneicosane 57 52.980 53.025 3.13
Heneicosane 57 53.685 53.810 5.15
T etratetracontane 57 54.410 54.520 4.03
T etratetracontane 57 55.165 55.280 3.78
T etratetracontane 57 55.975 56.090 2.95
T etratetracontane 57 56.985 57.070 1.17
T a b le  A .5-6 . GC-MS TIC for IllNo6:BSG 50:50  pyrolyzed in  He from 110 to 9 0 0  °C at 100 
°C/m in.
Compound Name m/z StartRT EndRT Area %
3-Cyclobutene-1,2-dione, 3,4-dihydroxy- 114 34.440 34.600 8.55
Phenol, 4-methyl- 107 36.305 36.405 4.84
Undecane 57 36.405 36.505 2.90
Levoglucosenone 39 36.815 36.885 1.12
Tetracyclo[5.3.0.0<2,6>.0<3,10>]deca-4,8-diene 107 37.385 37.545 0.93
Phenol, 2,5-dimethyl- 122 37.545 37.645 1.78
Dodecane 57 38.055 38.145 0.75
Phenol, 2-methoxy-4-methyl- 123 38.150 38.210 0.96
1,3-Propanediol, 2-(hydroxymethyl)-2-nitro- 57 38.210 38.395 4.48
1,4:3,6-Dianhydro-.alpha.-d-glucopyranose 69 38.580 38.685 2.22
5H-l,4-Dioxepin, 2,3-dihydro- 29 38.685 38.765 0.71
1-Tridecene 43 39.495 39.545 0.34
Tridecane 57 39.600 39.650 0.45
1,3-Propanediol, 2-(hydroxymethyl)-2-nitro- 57 39.650 39.785 2.96
Naphthalene, 1-methyl- 142 39.785 39.830 0.86
Indole 117 39.830 39.930 1.70
2-Methoxy-4-vinylphenol 135 40.010 40.140 3.32
1-Tetradecene 43 40.895 40.945 0.36
Tetradecane 57 40.995 41.045 0.49
Naphthalene, 1,5-dimethyl- 156 41.595 41.650 0.22
1-Pentadecene 41 42.200 42.250 0.33
Tetradecane 57 42.285 42.345 1.02
.beta.-D-Glucopyranose, 1,6-anhydro- 60 43.235 43.350 1.18
Sedoheptulosan 60 43.350 43.415 0.79
Tetradecane 57 43.515 43.570 0.32
Heptadecane 57 44.665 44.720 0.42
Heptadecane 57 46.805 46.925 0.92
9-Eicosyne 81 46.925 46.975 0.51
Pyrrolo[ 1,2-a]pyrazine-1,4-dione, hexahydro-3-(2- 
methylpropyl)- 70 47.505 47.565 0.55
n-Hexadecanoic acid 73 47.565 47.705 19.00
Pyrrolo[ 1,2-a]pyrazine-1,4-dione, hexahydro-3-(2- 
methylpropyl)- 70 47.705 47.760 2.88
5,10-Diethoxy-2,3,7,8-tetrahydro-1 H,6H-dipyrrolo[l ,2-a 70 47.760 47.900 4.46
Octadecanoic acid, 2-propenyl ester 41 48.565 48.635 0.98
Heneicosane 57 48.755 48.810 0.36
cis-9-Hexadecenal 55 49.230 49.430 5.92




Heneicosane 57 49.665 49.710 0.34
Octadecanamide 59 49.710 49.760 0.49
Heneicosane 57 50.540 50.585 0.30
5,10-Diethoxy-2,3,7,8-tetrahydro-1 H,6H-dipyrrolo[ 1,2-a 70 50.900 51.110 9.63
Pyrrolo[ 1,2-a]pyrazine-1,4-dione, hexahydro-3 - 
(phenylmethyl)- 125 51.435 51.555 2.75
Pyrrolo[ 1,2-a]pyrazine-1,4-dione, hexahydro-3- 
(phenylmethyl)- 125 51.745 51.845 2.22
Tetracosane 57 52.180 52.235 0.40
Heneicosane 57 53.690 53.740 0.25
Stigmast-5-en-3-ol, oleate 81 57.605 57.710 2.68
Table A.5-7. GC-MS TIC for IllNo6:BSG 80:20 pyrolyzed in He from 110 to 900 °C at 100
°C/min.
Compound Name m /z StartRT EndRT Area%
DL-Threonine, N-glycyl- 114 34.465 34.610 3.36
Phenol, 2-methyl- 108 35.930 36.050 2.59
Phenol, 4-methyl- 107 36.320 36.385 3.93
Undecane 57 36.385 36.515 5.38
Levoglucosenone 39 36.815 36.895 0.85
Triquinacene 130 37.380 37.465 1.16
Phenol, 2,5-dimethyl- 122 37.465 37.650 3.63
Phenol, 3,4-dimethyl- 107 37.885 37.975 2.35
1-Dodecene 43 37.975 38.030 1.10
Phenol, 2,5-dimethyl- 128 38.030 38.100 1.42
Decane, 3,6-dimethyl- 57 38.100 38.135 1.43
l-(.beta.-d-Arabinofuranosyl)-4-0-difluoromethyluracil 29 38.135 38.300 6.24
(1,4,4-Trimethyl-cyclohex-2-enyl)-acetic acid 107 38.300 38.380 1.13
Phenol, 2,3,6-trimethyl- 121 38.380 38.455 0.64
1,4:3,6-Dianhydro-.alpha.-d-glucopyranose 69 38.560 38.630 0.73
Oxalic acid, 2-isopropylphenyl pentyl ester 121 38.755 38.825 0.91
Phenol, 4-(l-methylethyl)- 121 38.825 38.895 0.80
1 -Methyl-1,2,3,4-tetrahydronaphthalen-1 -ol 129 39.115 39.285 1.22
Phenol, 3-ethyl-5-methyl- 121 39.285 39.380 1.42
1-Tridecene 43 39.500 39.550 0.55
Nonane, 3,7-dimethyl- 57 39.575 39.670 2.32
2-Dimethyl(trimethylsilylmethyl)silyloxytridecane 3 39.670 39.720 0.53
Naphthalene, 1-methyl- 142 39.720 39.835 1.06
2-Methoxy-4-vinylphenol 150 40.020 40.135 1.59
1 -Hydroxy-6-(3-isopropenyl-cycloprop-1 -enyl)-6-methyl- 
heptan-2-one
121 40.500 40.575 0.52
3-Hexadecene, (Z)- 41 40.895 40.950 0.55
Tetradecane 57 40.990 41.045 0.72
Naphthalene, 1,5-dimethyl- 156 41.330 41.430 0.75
Naphthalene, 2,3-dimethyl- 156 41.530 41.590 0.67
Dodecane, 4,6-dimethyl- 141 41.800 41.870 0.79
Tetradecane 57 42.285 42.355 1.25
.beta.-D-Glucopyranose, 1,6-anhydro- 60 42.630 42.845 7.88
.beta.-D-Glucopyranose, 1,6-anhydro- 60 42.845 43.085 15.92
Glycine, N-butoxycarbonyl-, pentadecyl ester 3 43.085 43.175 2.32
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Heptadecane 57 44.665 44.720 0.62
1-Dodecanol, 3,7,11-trimethyl- 69 45.005 45.075 0.60
Heptadecane 57 46.800 46.860 0.53
n-Hexadecanoic acid 73 47.545 47.710 11.26
5-Eicosene, (E)- 70 47.710 47.800 1.89
Heneicosane 57 47.800 47.855 0.75
Octadecanoic acid, 2-propenyl ester 41 48.565 48.635 0.71
Octadecanoic acid 73 49.435 49.510 0.93
3-Pyrrolidin-2-yl-propionic acid 70 50.870 51.020 3.18
Pyirolo[ 1,2-a]pyrazine-1,4-dione, hexahydro-3- 125 51.730 51.825 0.91(phenylmethyl)-
Stigmast-5-en-3-ol, oleate 81 57.600 57.695 0.91
T a b le  A .5 -8 . G C-M S TIC for IllN o6:B SG  90:10  pyrolyzed  in  H e from 110 to  9 0 0  °C  at 100
°C/m in.
Compound Name m /z StartRT EndRT A rea %
DL-Threonine, N-glycyl- 114 34.485 34.610 1.47
Phenol 94 34.610 34.720 2.48
Phenol, 2-methyl- 108 35.920 36.060 4.38
Phenol, 3-methyl- 107 36.320 36.575 15.42
Triquinacene 115 37.365 37.495 2.31
Phenol, 2,5-dimethyl- 122 37.495 37.670 6.41
Phenol, 2,3-dimethyl- 107 37.870 37.980 4.43
1-Dodecene 43 37.980 38.025 1.51
Naphthalene 128 38.025 38.095 2.57
Tridecane 57 38.095 38.150 3.17
1 -Oxaspiro[2.2]pentane, 5-isopropylidene-2,2,4,4-tetramethyl- 133 38.150 38.285 3.15
Octane, 2-bromo- 57 38.285 38.380 1.34
Phenol, 2,3,6-trimethyl- 121 38.380 38.445 0.77
Oxalic acid, 2-isopropylphenyl pentyl ester 121 38.760 38.825 1.12
Phenol, 3-(l-methylethyl)- 121 38.825 38.895 1.19
Benzene, l-ethyl-4-methoxy- 121 38.895 39.010 1.55
Phenol, 3-(l-methylethyl)- 121 39.010 39.125 0.71
Phenol, 3-ethyl-5-methyl- 121 39.275 39.375 1.63
1-Tridecene 41 39.495 39.545 0.60
Tetradecane 57 39.600 39.665 1.46
2-Propenoic acid, 3-phenyl- 147 39.665 39.770 0.68
Naphthalene, 2-methyl- 142 39.770 39.845 1.74
Naphthalene, 1-methyl- 142 40.030 40.135 2.03
1 -Hydroxy-6-(3-isopropenyl-cycloprop-1 -enyl)-6-methyl- 133 40.500 40.570 0.82
heptan-2-one
1-Tetradecene 41 40.895 40.950 0.85
Tetradecane 57 40.990 41.055 0.99
Naphthalene, 1,5-dimethyl- 156 41.335 41.420 1.10
Naphthalene, 2,3-dimethyl- 141 41.525 41.595 1.22
Naphthalene, 2,6-dimethyl- 156 41.595 41.650 0.61
Dodecane, 4,6-dimethyl- 141 41.810 41.870 1.12
1-Pentadecene 83 42.200 42.270 0.67
Tetradecane 57 42.285 42.355 1.35
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n-Decanoic acid 60 42.625 42.715 0.99
Tetradecane 57 43.510 43.565 0.68
Heptadecane 57 44.665 44.720 0.86
Pentadecane, 2,6,10,14-tetramethyl- 57 44.725 44.790 0.72
1 -Dodecanol, 3,7,11 -trimethyl- 56 45.010 45.075 0.83
Heptadecane 57 45.760 45.820 0.69
Heptadecane 57 46.805 46.860 0.78
n-Hexadecanoic acid 73 47.545 47.710 12.84
n-Pentadecanol 83 47.710 47.810 1.70
Heneicosane 57 47.810 47.855 0.67
Octadecanoic acid 73 49.430 49.575 6.01
n-Nonadecanol-1 83 49.575 49.670 1.19
Heneicosane 57 49.670 49.755 1.19
Table A.5-9. GC-MS TIC for DlNo6:CBS 50:50 pyrolyzed in He from 110 to 900 °C at 100 
°C/min.
Compound Name m /z StartRT EndRT Area %
Phenol, 2-methyl- 108 36.135 36.325 2.81
Undecane 57 36.390 36.455 0.58
Cyclopropyl carbinol 44 36.805 36.885 0.77
T etracyclo[5,3.0.0<2,6>.0<3,10>]deca-4,8- 
diene 107 37.440 37.650 1.95
Phenol, 2,5-dimethyl- 122 37.690 37.830 1.87
1-Dodecene 43 37.965 38.025 0.48
Octane, 2-bromo- 57 38.075 38.190 2.10
Phenol, 3-ethyl-5-methyl- 121 39.440 39.495 0.46
1-Tridecene 41 39.495 39.540 0.68
Tetradecane 57 39.540 39.655 1.27
Naphthalene, 1-methyl- 142 39.830 39.920 0.70
Indole 117 39.990 40.095 0.77
1-Tetradecene 41 40.890 40.945 0.71
Tetradecane 57 40.945 41.060 1.29
1-Pentadecene 83 42.195 42.255 0.72
Tetradecane 57 42.275 42.345 2.51
1-Pentadecene 83 43.425 43.505 0.93
Tetradecane 57 43.505 43.565 0.95
9-Eicosene, (E)- 69 44.430 44.490 0.75
1 -Pentadecene 69 44.490 44.565 1.14
1-Pentadecene 83 44.565 44.650 0.81
Heptadecane 57 44.655 44.720 2.80
Hexadecane, 2,6,11,15-tetramethyl- 57 44.720 44.790 0.49
3-Octadecene, (E)- 69 45.005 45.070 0.45
Heptadecane 57 45.760 45.815 0.36
Heneicosane 57 46.805 46.860 0.41
2-Nonadecanone 58 46.915 47.015 0.95
n-Hexadecanoic acid 73 47.535 47.795 22.96
Heneicosane 57 47.795 47.855 3.94
Theobromine 180 47.855 47.990 3.22
Octadecanoic acid, 2-propenyl ester 41 48.565 48.655 2.53
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Heneicosane 57 48.750 48.810 0.37
2-Nonadecanone 58 48.885 48.945 0.44
Heptadecanenitnle 57 48.945 49.010 0.43
Oleic Acid 55 49.310 49.505 8.59
Octadecanoic acid 73 49.505 49.670 14.22
Heneicosane 57 49.670 49.725 1.89
Hexadecanamide 59 49.725 49.850 1.51
Oleyl alcohol, trifluoroacetate 41 50.170 50.235 1.60
Oleyl alcohol, trifluoroacetate 41 50.235 50.325 1.54
Octadecanoic acid, 2-propenyl ester 41 50.325 50.470 3.53
Heneicosane 57 50.495 50.590 0.62
T etratriacontane 57 51.335 51.435 0.64
Octadecanamide 59 51.515 51.585 0.35
Stigmast-5-en-3-ol, oleate 81 57.665 57.780 1.91
Table A.5-10. GC-MS TIC for IllNo6:CBS 80:20 pyrolyzed in He from 110 to 900 °C at 100 
°C/min.
Compound Name m /z StartRT EndRT Area %
Phenol, 2-methyl- 108 36.150 36.240 1.65
1-Undecene 41 36.240 36.340 1.77
Hexadecane 57 36.340 36.455 1.06
Phenol, 3-methyl- 107 36.580 36.750 3.75
Benzene, (1 -methyl-2-cyclopropen-1 -yl)- 130 37.425 37.545 1.04
Tetracyclo[5.3.0.0<2,6>.0<3,10>]deca-4,8-diene 130 37.550 37.645 0.75
Phenol, 2,5-dimethyl- 122 37.645 37.850 1.72
1-Dodecene 41 37.950 38.015 0.56
Hexadecane 57 38.070 38.125 1.12
Phenol, 2,3-dimethyl- 107 38.125 38.185 1.80
Cyclopropane, l-ethyl-2-heptyl- 133 38.185 38.225 0.76
Phenol, 2,3-dimethyl- 107 38.225 38.280 0.63
Benzofuran, 4,7-dimethyl- 145 38.490 38.650 1.05
2-Phenyl-4-penten-2-ol 121 39.090 39.235 0.82
2-Tridecenal, (E)- 41 39.450 39.535 1.38
Tridecane 57 39.535 39.655 1.63
Naphthalene, 1-methyl- 142 39.820 39.945 1.16
Naphthalene, 1-methyl- 142 40.085 40.160 0.58
3-Hexadecene, (Z)- 41 40.880 40.935 0.73
Tetradecane 57 40.935 41.035 1.24
Naphthalene, 1,3-dimethyl- 141 41.585 41.650 0.54
Naphthalene, 1,5-dimethyl- 156 41.650 41.720 0.59
Dodecane, 4,6-dimethyl- 71 41.775 41.870 0.52
3-Octadecene, (E)- 83 42.185 42.250 0.73
Tetradecane 57 42.270 42.335 1.88
1-Pentadecene 83 43.410 43.495 1.20
Heptadecane 57 43.495 43.555 1.01
8-Heptadecene 69 44.480 44.565 0.65
1-Pentadecene 83 44.565 44.645 0.69
Heptadecane 57 44.645 44.710 1.82
Hexadecane, 2 ,6 ,11,15-tetramethyl- 71 44.710 44.770 0.51
200
T a b le  A .5 -10 . (Continued).
Acetic acid, 3 ,7 ,11,15-tetramethyl-hexadecyl ester 69 44.995 45.065 0.46
Heptadecane 57 46.790 46.855 0.57
2-Nonadecanone 58 46.905 46.960 0.58
n-Hexadecanoic acid 73 47.575 47.795 25.23
Heneicosane 57 47.795 47.870 2.14
Octadecanoic acid, 2-propenyl ester 41 48.565 48.655 1.59
2-Nonadecanone 58 48.875 48.940 0.58
Oleic Acid 69 49.300 49.490 5.37
Octadecanoic acid 73 49.490 49.665 20.89 '
Heneicosane 57 49.665 49.730 2.15
Hexadecanamide 59 49.730 49.860 1.41
Oleyl alcohol, trifluoroacetate 41 50.170 50.220 0.56
Oleyl alcohol, trifluoroacetate 41 50.220 50.310 0.99
Octadecanoic acid, 2-propenyl ester 41 50.370 50.450 2.14
T a b le  A .5-11 . GC-MS TIC for IllNo6:CBS 90:10  pyrolyzed in He from 110 to 9 0 0  °C at 100  
°C/min.
Compound Name mix StartR T EndRT Area %
dl-Alanine 3 21.025 21.100 1.86
Aminomethanesulfonic acid 64 21.100 21.395 12.55
Phenol, 2-methyl- 108 36.150 36.270 4.39
1-Undecene 41 36.270 36.335 2.10
Hexadecane 57 36.335 36.470 1.53
Phenol, 3-methyl- 107 36.580 36.760 10.35
lH-Indazole, 3-methyl- 3 36.760 36.820 0.83
Benzene, (1 -methyl-2-cyclopropen-1 -yl)- 130 37.445 37.560 1.90
T etracyclo[5.3.0.0<2,6>.0<3,10>]deca-4,8- 
diene 130 37.560 37.665 1.61
Phenol, 2,5-dimethyl- 122 37.700 37.875 5.64
1-Dodecene 41 37.975 38.045 0.82
Succinic acid, 3-ethylphenyl nonyl ester 128 38.095 38.220 6.92
Phenol, 2,6-dimethyl- 122 38.220 38.305 2.11
Phenol, 2-ethyl-4-methyl- 121 38.910 39.085 1.91
Benzene, l-ethyl-4-methoxy- 121 39.085 39.175 1.15
lH-Indene, 1,3-dimethyl- 129 39.175 39.255 0.97
Phenol, 3-ethyl-5-methyl- 121 39.455 39.510 1.00
1-Tridecene 41 39.510 39.550 1.24
Oxalic acid, heptyl 2-isopropylphenyl ester 121 39.550 39.595 0.95
Tridecane 57 39.595 39.675 1.98
Naphthalene, 1-methyl- 142 39.840 39.950 2.46
Naphthalene, 2-methyl- 142 40.095 40.205 1.52
3-Hexadecene, (Z)- 41 40.905 40.955 0.86
Tetradecane 57 40.955 41.055 1.94
Naphthalene, 1,5-dimethyl- 156 41.405 41.510 1.09
Naphthalene, 1,3-dimethyl- 141 41.595 41.660 1.18
Naphthalene, 1,5-dimethyl- 156 41.660 41.735 1.35
Dodecane, 4-methyl- 71 41.795 41.885 1.07
3-Octadecene, (E)- 83 42.205 42.270 0.99
Tetradecane 57 42.290 42.355 1.91
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1-Pentadecene 83 43.435 43.490 1.17
Tetradecane 57 43.515 43.580 1.45
1-Pentadecene 83 44.595 44.665 0.80
Heptadecane 57 44.670 44.725 1.83
Hexadecane, 2,6,10,14-tetramethyl- 71 44.725 44.790 1.22
1-Dodecanol, 3,7,11-trimethyl- 69 45.015 45.080 0.89
Heptadecane 57 45.770 45.830 0.86
Heptadecane 57 46.815 46.865 0.87
n-Hexadecanoic acid 73 47.605 47.750 7.22
Pentadecyl trifluoroacetate 83 47.750 47.805 1.11
Heptadecane 57 47.805 47.870 1.04
Octadecanoic acid 73 49.495 49.600 2.79
n-Nonadecanol-1 83 49.600 49.675 1.01
Heneicosane 57 49.675 49.725 0.82
Heneicosane 57 50.545 50.595 0.74
Table A.5-12. GC-MS TIC for PC:BSG 50:50 pyrolyzed in He from 110 to 900 °C at 100
°C/min.
Compound Name m/z StartRT EndRT A rea %
3-Cyclobutene-1,2-dione, 3,4-dihydroxy- 114 34.450 34.640 6.73
Phenol, 2-methyl- 108 35.965 36.080 2.54
1-Undecene 41 36.080 36.310 2.29
Phenol, 4-methyl- 107 36.310 36.590 8.88
Phenol, 2,6-dimethyl- 122 36.775 36.835 0.55
Levoglucosenone 39 36.835 36.925 0.80
Tetracyclo[5.3.0.0<2,6>.0<3,10>]deca-4,8-diene 107 37.410 37.465 0.67
Phenol, 2,4-dimethyl- 122 37.520 37.680 2.54
5,8-Decadien-2-one, 5,9-dimethyl-, (E)- 107 37.925 38.060 2.66
Phenol, 2,5-dimethyl- 128 38.060 38.155 1.46
Cyclohexanone, 2,5-dimethyl-2-( 1 -methylethenyl)- 123 38.155 38.230 0.94
1,3-Propanediol, 2-(hydroxymethyl)-2-nitro- 57 38.230 38.490 5.80
l,4:3,6-Dianhydro-.alpha.-d-glucopyranose 69 38.620 38.705 0.76
Oxalic acid, 2-isopropylphenyl pentyl ester 121 38.795 38.855 0.73
2,4-Dimethylanisole 120 38.855 38.975 0.86
Phenol, 2-ethyl-5-methyl- 121 38.975 39.040 0.59
Phenol, 3-ethyl-5-methyl- 121 39.315 39.395 0.55
2-Tridecenal, (E)- 137 39.490 39.555 0.65
1,3-Propanediol, 2-ethyl-2-(hydroxymethyl)- 135 39.675 39.775 1.20
Naphthalene, 1-methyl- 142 39.775 39.850 2.26
Indole 117 39.850 39.960 2.10
2-Methoxy-4-vinylphenol 135 39.960 40.165 3.81
Naphthalene, 2,6-dimethyl- 156 41.340 41.420 0.57
Naphthalene, 1,3-dimethyl- 156 41.540 41.600 0.73
Naphthalene, 1,5-dimethyl- 156 41.600 41.665 0.60
Naphthalene, 2,3-dimethyl- 141 41.805 41.880 0.53
Tetradecane 57 42.295 42.360 1.00
Azulene, 4,6,8-trimethyl- 170 42.930 43.000 0.55
.beta.-D-Glucopyranose, 1,6-anhydro- 60 43.255 43.420 1.54
Dichloroacetic acid, 4-tridecyl ester 182 44.445 44.515 0.59
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Hexadecane, 1,16-dichloro- 92 44.515 44.665 1.18
Heptadecane 57 44.675 44.730 0.55
n-Hexadecanoic acid 73 47.575 47.740 13.39
Pyrrolof 1,2-a]pyrazine-1,4-dione, hexahydro-3-(2- 
methylpropyl)- 70 47.740 47.810 2.56
5,10-Diethoxy-2,3,7,8-tetrahydro-1 H,6H-dipyrrolo[ 1,2-a 70 47.810 47.940 3.17
Octadecanoic acid, 2-propenyl ester 41 48.580 48.635 0.88
Heneicosane 57 48.765 48.825 0.53
9,12-Octadecadienoic acid (Z,Z)- 67 49.275 49.485 5.60
Octadecanoic acid 73 49.485 49.590 2.18
1-Nonadecene 83 49.590 49.680 0.58
5,10-Diethoxy-2,3,7,8-tetrahydro-1 H,6H-dipyrrolo[ 1,2-a 70 50.945 51.130 6.95
Pyirolo[ 1,2-a]pyrazine-1,4-dione, hexahydro-3- 
(phenylmethyl)- 125 51.485 51.610 2.29
Pyrrolo[l ,2-a]pyrazine-l ,4-dione, hexahydro-3- 
(phenylmethyl)- 125 51.790 51.890 1.78
Cholest-5-en-3-ol (3.beta.)-, carbonochloridate 383 56.700 56.785 0.55
Cholest-5-en-3-ol (3 .beta.)-, carbonochloridate 81 57.640 57.750 2.33
Table A.5-13. GC-MS TIC for PC:BSG 80:20 pyrolyzed in He from 110 to 900 °C at 100 
°C/min.
Compound Name m/z StartRT EndRT A rea %
3-Cyclobutene-1,2-dione, 3 ,4-dihydroxy- 114 34.500 34.630 2.08
Phenol, 2-methyl- 108 35.965 36.090 4.04
Phenol, 3-methyl- 108 36.370 36.610 10.04
Phenol, 2,6-dimethyl- 122 36.780 36.860 0.96
Tetracyclo[5.3.0.0<2,6>.0<3,10>]deca-4,8-diene 107 37.405 37.515 1.77
Phenol, 2,5-dimethyl- 122 37.515 37.750 7.04
Phenol, 2,3-dimethyl- 107 37.915 37.990 2.61
1-Dodecene 43 37.990 38.025 1.66
Naphthalene 128 38.025 38.070 1.34
Phenol, 2,6-dimethyl- 128 38.070 38.120 2.04
Hexadecane 57 38.120 38.150 0.80
l-(.beta.-d-Arabinofuranosyl)-4-0-difluoromethyluracil 57 38.150 38.315 6.48
4-Ethylphenyl acetate 107 38.315 38.405 1.60
Phenol, 2,3,5-trimethyl- 121 38.405 38.490 1.40
Oxalic acid, 2-isopropylphenyl pentyl ester 121 38.795 38.860 0.70
Benzene, l-ethyl-4-methoxy- 121 38.970 39.045 1.04
Phenol, 3-ethyl-5-methyl- 121 39.310 39.395 1.62
2-Tridecenal, (E)- 135 39.485 39.555 1.07
Naphthalene, 1 -methyl- 142 39.780 39.860 2.12
1,'4-Methanonaphthalene, 1,4-dihydro- 142 40.025 40.165 3.11
Tetradecane 57 40.955 41.065 1.11
Naphthalene, 2,6-dimethyl- 156 41.350 41.435 1.03
Naphthalene, 2,3-dimethyl- 156 41.535 41.610 1.99
Naphthalene, 1,5-dimethyl- 156 41.610 41.670 1.16
Naphthalene, 2,3-dimethyl- 141 41.815 41.890 1.09
Tetradecane 57 42.300 42.360 1.01
.beta.-D-Glucopyranose, 1,6-anhydro- 60 42.700 42.880 5.75
Dibenzofuran 168 42.880 42.940 3.31
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Azulene, 4,6,8-trimethyl- 170 42.940 43.005 4.20
Naphthalene, 2,3,6-trimethyl- 170 43.005 43.085 4.66
1-Naphthyl butyrate 144 43.085 43.165 2.60
Naphthalene, 2,3,6-trimethyl- 155 43.165 43.255 1.42
Tetradecane 57 43.520 43.580 0.69
6H-Dibenzo[b,d]-pyran 182 44.135 44.310 0.91
Heptadecane 57 44.675 44.735 0.91
Hexadecane, 2,6,10,14-tetramethyl- 57 44.735 44.795 0.97
Heptadecane 57 46.815 46.870 0.71
Tetradecanoic acid 73 47.580 47.680 5.02
Pyrrolo[ 1,2-a]pyrazine-1,4-dione, hexahydro-3-(2- 
methylpropyl)- 70 47.680 47.750 0.91
1-Nonadecene 83 47.750 47.810 0.75
Heptadecane 57 47.810 47.880 1.25
Heneicosane 57 48.770 48.825 0.74
5,10-Diethoxy-2,3,7,8-tetrahydro-1 H,6H-dipyrrolo[ 1,2-a 70 50.935 51.050 2.44
Heneicosane 57 52.195 52.265 0.71
Stigmast-5-en-3-ol, oleate 81 57.645 57.745 1.14
Table A.5-14. GC-MS TIC for PC:BSG 90:10 pyrolyzed in He from 110 to 900 °C at 100 
°C/min.
Compound Name m/z StartRT EndR T Area %
2,3-Dioxabicyclo[2.2.2]octane 114 34.550 34.700 0.70
Phenol, 2-methyl- 108 35.980 36.130 6.49
Phenol, 4-methyl- 107 36.390 36.540 12.19
Carbonic acid, heptyl 2,2,2-trichloroethyl ester 3 36.540 36.625 1.40
Phenol, 2,6-dimethyl- 122 36.795 36.885 1.53
.alpha.-Isopropylbenzyl alcohol 107 37.430 37.525 2.14
Phenol, 2,5-dimethyl- 122 37.525 37.760 9.66
Phenol, 2,3-dimethyl- 107 37.940 38.050 6.64
Phenol, 2,4-dimethyl- 128 38.050 38.170 6.55
l-(.beta.-d-Ribofuranosyl)-5-fluoro-4-0-difluoromethyluracil 133 38.170 38.310 4.71
Undecane, 2,6-dimethyl- 57 38.310 38.385 0.90
Phenol, 2,3,6-trimethyl- 121 38.385 38.505 2.88
Phenol, 3-ethyl-5-methyl- 121 38.820 38.880 0.94
Phenol, 3-(l-methylethyl)- 121 38.880 38.995 0.87
Benzene, l-ethyl-4-methoxy- 121 38.995 39.065 1.50
Phenol, 3-ethyl-5-methyl- 121 39.335 39.415 2.53
Phenol, 2,3,5-trimethyl- 121 39.415 39.500 0.83
Bicyclo[4.1.0]heptan-3-ol, 4,7,7-trimethyl-, [1R- 
(1 .alpha.,3. alpha. ,4.beta.,6.alpha.)]-
121 39.500 39.580 1.52
Tetradecane 57 39.580 39.690 0.88
Naphthalene, 2-methyl- 142 39.800 39.905 3.31
Naphthalene, 2-methyl- 142 40.055 40.140 2.51
lH-Inden-5-ol, 2,3-dihydro- 133 40.580 40.715 1.62
1-Tetradecene 41 40.930 40.980 0.69
Tetradecane 57 41.020 41.080 1.21
Naphthalene, 2,6-dimethyl- 156 41.380 41.460 1.39
Naphthalene, 2,3-dimethyl- 141 41.560 41.640 3.07
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Naphthalene, 1,5-dimethyl- 156 41.640 41.695 1.64
6-Methyl-4-indanol 133 41.695 41.840 0.71
Naphthalene, 2,3-dimethyl- 141 41.840 41.915 1.38
Benzene, pentamethyl- 133 42.020 42.080 0.75
1-Pentadecene 41 42.235 42.295 0.63
Tetradecane 57 42.320 42.375 1.28
1-Pentadecene 83 43.450 43.535 1.10
Tetradecane 57 43.545 43.605 0.99
Naphthalene, 2,3,6-trimethyl- 155 43.760 43.835 0.88
Dibenzofuran, 4-methyl- 182 44.160 44.340 1.21
6H-Dibenzo[b,d]-pyran 182 44.340 44.410 0.82
Heptadecane 57 44.695 44.760 1.31
Pentadecane, 2,6,10,14-tetramethyl- 57 44.760 44.820 1.42
Azulene, 7-ethyl-1,4-dimethyl- 184 45.465 45.535 0.88
Heptadecane 57 45.800 45.855 0.96
Heneicosane 57 46.835 46.895 1.02
n-Hexadecanoic acid 73 47.610 47.685 2.16
Heptadecane 57 47.830 47.890 1.17
Heneicosane 57 48.785 48.845 1.03
Table A.5-15. GC-MS TIC for PC:CBS 50:50 pyrolyzed in He from 110 to 900 °C at 100 
°C/min.
Compound Name m/z StartRT EndRT Area %
Phenol, 2-methyl- 108 36.110 36.240 3.16
1-Undecene 41 36.240 36.330 1.16
Undecane 57 36.390 36.455 0.59
Phenol, 3-methyl- 107 36.545 36.765 6.65
Cyclopropyl carbinol 44 36.765 36.870 2.38
Phenol, 2,6-dimethyl- 122 36.870 36.975 1.49
Benzene, 1 -methyl-1,2-propadienyl- 115 37.430 37.640 2.26
Phenol, 2,5-dimethyl- 122 37.660 37.830 3.61
p-Nonyloxybenzaldehyde 107 38.040 38.185 4.56
Phenol, 2,3-dimethyl- 107 38.185 38.250 0.86
Phenol, 2-ethyl-5-methyl- 121 38.890 39.065 1.15
Phenol, 3-ethyl-5-methyl- 121 39.425 39.495 0.76
1-Tridecene 41 39.495 39.535 0.71
Tetradecane 57 39.535 39.655 1.83
Naphthalene, 2-methyl- 142 39.810 39.920 1.57
Indole 117 39.980 40.080 1.01
Naphthalene, 2-methyl- 142 40.080 40.185 1.46
1-Tetradecene 41 40.885 40.940 0.68
Tetradecane 57 40.940 41.065 1.60
Naphthalene, 2,6-dimethyl- 156 41.380 41.465 0.66
Naphthalene, 1,3-dimethyl- 156 41.575 41.635 0.77
Naphthalene, 2,6-dimethyl- 156 41.635 41.705 0.68
1-Pentadecene 41 42.195 42.260 0.79
Tetradecane 57 42.275 42.345 2.21
1-Pentadecene 83 43.420 43.495 1.25
Tetradecane 57 43.495 43.570 1.43
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1-Pentadecene 69 44.485 44.560 0.80
1-Heptadecene 83 44.560 44.650 0.87
Heptadecane 57 44.650 44.715 2.30
Pentadecane, 2,6,10,14-tetramethyl- 57 44.715 44.780 0.90
Heptadecane 57 45.750 45.815 0.72
Caffeine 194 47.005 47.190 2.01
Theobromine 180 47.500 47.605 2.51
n-Hexadecanoic acid 73 47.605 47.750 16.68
Pentadecyl trifluoroacetate 55 47.750 47.790 2.46
Heptadecane 57 47.790 47.910 3.42
Octadecanoic acid, 2-propenyl ester 41 48.570 48.635 1.28
Oleic Acid 55 49.300 49.475 5.98
Octadecanoic acid 73 49.475 49.620 8.06
1-Nonadecene 83 49.620 49.660 1.05
Heneicosane 57 49.660 49.710 0.81
Oleyl alcohol, trifluoroacetate 41 50.170 50.225 1.16
9-Octadecenoic acid, 1,2,3-propanetriyl ester, 
(E,E,E)- 41 50.225 50.290 0.58
Octadecanoic acid, 2-propenyl ester 43 50.370 50.455 1.95
Stigmast-5-en-3-ol, oleate 81 57.660 57.755 1.18
Table A.5-16. GC-MS TIC for PC:CBS 80:20 pyrolyzed in He from 110 to 900 °C at 100
°C/min.
Compound Name m/z StartRT EndRT A rea %
Phenol, 2-methyl- 108 36.100 36.240 6.35
1-Undecene 117 36.240 36.335 2.47
Undecane 57 36.335 36.465 1.37
Phenol, 3-methyl- 107 36.535 36.745 8.89
Phenol, 2,5-dimethyl- 122 36.865 36.975 1.49
Benzene, (1 -methyl-2-cyclopropen-1 -yl)- 117 37.435 37.525 1.38
Phenol, 2-ethyl- 107 37.525 37.665 1.34
Phenol, 2,5-dimethyl- 122 37.665 37.855 7.85
Succinic acid, 3-ethylphenyl nonyl ester 107 38.045 38.175 8.69
Phenol, 2,3-dimethyl- 107 38.175 38.285 2.84
Phenol, 3-(l-methylethyl)- 121 38.885 39.060 2.01
Phenol, 3-ethyl-5-methyl- 121 39.060 39.120 1.20
Phenol, 2-ethyl-4-methyl- 121 39.415 39.500 1.77
1-Tridecene 43 39.500 39.535 0.96
Tetradecane 57 39.535 39.655 3.12
Naphthalene, 2-methyl- 142 39.815 39.925 3.13
Naphthalene, 2-methyl- 142 40.065 40.185 2.37
Tetradecane 57 40.980 41.045 1.43
Naphthalene, 2,3-dimethyl- 156 41.380 41.465 1.41
Naphthalene, 2,3-dimethyl- 141 41.575 41.640 1.83
Naphthalene, 2,6-dimethyl- 156 41.640 41.715 1.61
Dodecane, 4,6-dimethyl- 71 41.790 41.865 0.74
Cyclopropane, 1 -(1 -hydroxyethyl)-2-methylene-1 - 
phenyl-
141 42.080 42.160 1.14
1-Pentadecene 41 42.160 42.260 1.17
Tetradecane 57 42.280 42.350 1.95
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Naphthalene, 2,3,6-trimethyl- 170 43.220 43.285 1.11
3-(2-Methyl-propenyl)-1 H-indene 170 43.285 43.345 0.82
Trifluoroacetic acid,n-tridecyl ester 83 43.425 43.500 1.49
Tetradecane 57 43.500 43.565 1.60
Naphthalene, 2,3,6-trimethyl- 155 43.760 43.830 1.06
Heptadecane 57 44.655 44.715 1.82
Pentadecane, 2,6,10,14-tetramethyl- 57 44.715 44.785 1.78
Azulene, 7-ethyl-1,4-dimethyl- 169 45.470 45.550 1.05
Heptadecane 57 45.755 45.815 1.06
Cyclopentadecane 83 46.745 46.800 0.60
Heneicosane 57 46.800 46.855 0.88
Theobromine 180 47.505 47.605 2.15
n-Hexadecanoic acid 73 47.605 47.745 8.45
1-Nonadecene 83 47.745 47.795 0.97
Heneicosane 57 47.795 47.850 1.15
Octadecanoic acid, 2-propenyl ester 41 48.575 48.630 0.74
Heneicosane 57 48.750 48.800 0.86
Octadecanoic acid 73 49.495 49.585 2.02
Octadecanoic acid, 2-propenyl ester 41 50.375 50.440 1.14
Heneicosane 57 50.535 50.585 0.74
Table A.5-17. GC-MS TIC for PC:CBS 90:10 pyrolyzed in He from 110 to 900 °C at 100 
°C/min.
Compound Name m /z StartRT EndRT A rea %
Phenol, 2-methyl- 108 36.115 36.260 8.36
1-Undecene 41 36.260 36.340 2.92
Undecane 57 36.340 36.465 1.92
Benzene, (1 -methyl-2-cyclopropen-1 -yl)- 117 37.435 37.525 1.51
Phenol, 2,5-dimethyl- 122 37.665 37.865 10.67
1-Dodecene 41 37.965 38.025 0.77
Phenol, 3,4-dimethyl-, methylcarbamate 107 38.070 38.185 9.96
Phenol, 2,6-dimethyl- 107 38.185 38.290 3.86
Phenol, 2-ethyl-5-methyl- 121 38.890 39.065 2.44
Phenol, 3-ethyl-5-methyl- 121 39.065 39.130 1.51
Phenol, 3-(l-methylethyl)- 121 39.430 39.500 1.65
1-Tridecene 43 39.500 39.535 1.16
Oxalic acid, hexyl 2-isopropylphenyl ester 121 39.535 39.575 1.14
Tridecane 57 39.575 39.660 3.09
Naphthalene, 2-methyl- 142 39.820 39.935 4.24
Naphthalene, 1-methyl- 142 40.070 40.190 3.20
Nonane, 5-butyl- 71 40.665 40.725 0.76
Tetradecane 57 40.980 41.040 1.59
Naphthalene, 2,6-dimethyl- 156 41.385 41.470 1.88
Naphthalene, 2,3-dimethyl- 156 41.575 41.640 2.44
Naphthalene, 2,6-dimethyl- 156 41.640 41.715 2.22
Dodecane, 4,6-dimethyl- 71 41.790 41.865 1.17
Cyclopropane, 1 -(1 -hydroxyethyl)-2-methylene-1 - 
phenyl- 141 42.080 42.160 1.66
1-Pentadecene 83 42.160 42.255 1.45
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Tetradecane 57 42.280 42.340 1.90
Azulene, 4,6,8-trimethyl- 155 43.220 43.285 1.48
3-(2-Methyl-propenyl)-1 H-indene 170 43.285 43.350 0.99
Trifluoroacetic acid,n-tridecyl ester 83 43.425 43.500 1.94
Tetradecane 57 43.500 43.570 1.99
Naphthalene, 2,3,6-trimethyl- 155 43.765 43.830 1.52
1-Heptadecene 83 44.590 44.645 0.67
Heptadecane 57 44.655 44.710 1.76
Pentadecane, 2,6,10,14-tetramethyl- 57 44.710 44.780 2.60
Azulene, 7-ethyl-1,4-dimethyl- 169 45.470 45.545 1.52
Heptadecane 57 45.755 45.820 1.49
Cyclopentadecane 83 46.735 46.800 1.11
Heneicosane 57 46.800 46.855 1.29
n-Hexadecanoic acid 192 47.600 47.670 1.39
1-Nonadecene 83 47.745 47.790 0.64
Heneicosane 57 47.790 47.850 1.44
n-Pentadecanol 206 48.700 48.750 0.72
Heneicosane 57 48.750 48.795 1.19
Heneicosane 57 49.660 49.705 1.06
Octadecanoic acid, 2-propenyl ester 43 50.375 50.440 0.73
Heneicosane 57 50.530 50.580 1.00
Table A.5-18. GC-MS TIC for VC:BSG 50:50 pyrolyzed in He from 110 to 900 °C at 100
°C/min.
Compound Name m/z StartRT EndR T A rea %
3-Cyclobutene-l ,2-dione, 3,4-dihydroxy- 114 34.500 34.665 6.47
Phenol, 2-methyl- 108 36.010 36.095 1.26
Phenol, 4-methyl- 107 36.405 36.550 4.36
Phenol, 2,5-dimethyl- 122 37.595 37.690 1.67
1-Dodecene 41 37.985 38.060 1.40
Dodecane 57 38.105 38.175 1.30
Phosphine sulfide, dichloromenthyl- 41 38.190 38.290 1.40
1,3-Propanediol, 2-(hydroxymethyl)-2-nitro- 57 38.290 38.500 5.96
1-Tridecene 41 39.510 39.570 1.43
Hexadecane 57 39.570 39.685 1.50
Naphthalene, 1-methyl- 142 39.745 39.865 1.72
2-Methoxy-4-vinylphenol 135 40.050 40.160 2.73
3-Hexadecene, (Z)- 41 40.910 40.970 1.27
Tetradecane 57 41.010 41.075 1.29
1-Pentadecene 43 42.220 42.280 1.18
Tetradecane 57 42.305 42.370 1.87
1-Pentadecene 83 43.450 43.515 1.11
Tetradecane 57 43.530 43.590 1.21
Heptadecane 57 44.685 44.745 1.46
1-Nonadecene 83 45.715 45.780 1.08
Heptadecane 57 45.780 45.840 1.35
1-Heptadecene 83 46.765 46.825 1.08
Heptadecane 57 46.825 46.880 1.40
n-Hexadecanoic acid 73 47.590 47.760 13.94
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5-Eicosene, (E)- 70 47.760 47.820 3.22
Heneicosane 57 47.820 47.875 2.82
5,10-Diethoxy-2,3,7,8-tetrahydro-1 H,6H-dipyrrolo[ 1,2-a 70 47.875 47.945 1.56
1-Nonadecene 83 48.725 48.775 1.16
Heneicosane 57 48.775 48.835 1.73
1-Nonadecene 83 49.645 49.690 1.17
Heneicosane 57 49.690 49.740 1.63
1-Nonadecene 83 50.515 50.560 1.16
Heneicosane 57 50.560 50.610 2.00
5,10-Diethoxy-2,3,7,8-tetrahydro-lH,6H-dipyrrolo[l,2-a 70 50.960 51.150 6.74
n-Nonadecanol-1 83 51.355 51.400 1.17
Heneicosane 57 51.400 51.445 1.66
Ergotaman-3',6', 18-trione, 9,10-dihydro-12'-hydroxy-2'- 125 51.490 51.595 1.90
methyl-5'-(phenylmethyl)-, (5'.alpha., 10.alpha.)-
Pyrrolo[ 1,2-a]pyrazine-1,4-dione, hexahydro-3- 125 51.800 51.890 1.38(phenylmethyl)-
9-Tricosene, (Z)- 83 52.160 52.205 1.10
Heneicosane 57 52.205 52.255 1.86
Heneicosane 57 52.940 53.020 2.41
Heneicosane 57 53.690 53.775 2.21
T etratetracontane 57 54.415 54.485 1.27
T etratetracontane 57 55.170 55.245 1.19
Stigmast-5-en-3-ol, oleate 81 57.660 57.755 1.22
Table A.5-19. GC-MS TIC for VC:BSG 80:20 pyrolyzed in He from 110 to 900 °C at 100
°C/min.
Compound Name m/z StartRT EndRT A rea %
Phenol, 2-methyl- 108 36.005 36.110 1.99
1-Undecene 41 36.275 36.355 1.37
dl-Leucine, N- 107 36.415 36.545 4.12[(phenylmethoxy)carbonyl] -
Phenol, 2,5-dimethyl- 122 37.595 37.695 2.32
2-Nonenal, (E)- 41 37.955 38.060 2.93
Dodecane 57 38.060 38.175 2.56
1-Tridecene 41 39.515 39.575 1.92
Tetradecane 57 39.620 39.680 1.69
1,2-Cyclopentanediol, 3-methyl- 57 39.680 39.760 1.41
Naphthalene, 1-methyl- 142 39.760 39.870 0.97
2-Methoxy-4-vinylphenol 142 40.055 40.135 1.18
1-Tetradecene 43 40.915 40.970 1.61
Tetradecane 57 41.010 41.080 1.79
1-Pentadecene 83 42.220 42.285 1.66
Tetradecane 57 42.285 42.375 2.16
1-Pentadecene 83 43.455 43.525 1.47
Tetradecane 57 43.530 43.595 1.79
1-Heptadecene 83 44.615 44.680 1.43
Heptadecane 57 44.685 44.750 2.13
Hexadecane, 2,6,10,14-tetramethyl- 57 44.750 44.810 1.41
1-Heptadecene 83 45.720 45.785 1.52
Heptadecane 57 45.785 45.845 1.97
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1-Nonadecene 83 46.770 46.830 1.50
Heptadecane 57 46.830 46.890 2.14
n-Hexadecanoic acid 73 47.595 47.765 5.97
1-Nonadecene 83 47.765 47.825 2.34
Heptadecane 57 47.825 47.885 3.30
1-Nonadecene 83 48.725 48.780 1.85
Heneicosane 57 48.780 48.835 2.77
n-Nonadecanol-1 83 49.640 49.695 1.93
Heneicosane 57 49.695 49.740 2.69
1-Nonadecene 83 50.515 50.570 1.79
Heneicosane 57 50.570 50.620 2.69
3-Pyrrolidin-2-yl-propionic acid 70 50.950 51.055 1.96
Behenic alcohol 83 51.360 51.405 1.53
Heneicosane 57 51.405 51.455 2.50
2-tert-Butyl-1 -phenylnaphthalene 245 51.745 51.800 1.02
Behenic alcohol 83 52.165 52.210 1.57
Heneicosane 57 52.210 52.260 3.07
Heneicosane 57 52.940 53.065 4.31
Eicosane 57 53.695 53.830 4.48
T etratetracontane 57 54.420 54.525 3.21
T etratetracontane 57 55.175 55.285 3.16
T etratetracontane 57 55.995 56.105 1.47
T etratetracontane 57 56.985 57.085 1.35
Table A.5-20. GC-MS TIC for VC:BSG 90:10 pyrolyzed in He from 110 to 900 °C at 100 
°C/min.
Compound Name m/z StartRT EndRT Area %
1-Decene 41 34.245 34.330 0.95
Phenol, 2-methyl- 108 36.005 36.115 2.06
1-Undecene 41 36.280 36.360 1.44
3-Bromooctane 57 36.420 36.535 3.38
Tetracyclo[5.3.0.0<2,6>.0<3,10>]deca-4,8-
diene 107 37.435 37.590 0.90
Phenol, 2,5-dimethyl- 122 37.590 37.705 2.58
1-Dodecene 43 37.980 38.060 2.36
Dodecane 57 38.060 38.175 2.73
1-Decanol 41 38.175 38.295 1.45
1-Tridecene 41 39.515 39.575 2.01
Tetradecane 57 39.625 39.690 1.73
Naphthalene, 1-methyl- 142 40.070 40.165 0.76
1-Tetradecene 43 40.915 40.980 1.76
Tetradecane 57 40.980 41.080 2.11
1-Pentadecene 43 42.225 42.285 1.65
Tetradecane 57 42.310 42.375 2.12
1-Pentadecene 83 43.455 43.530 1.55
Tetradecane 57 43.535 43.595 1.93
1-Heptadecene 83 44.615 44.685 1.53
Heptadecane 57 44.685 44.750 2.33
Hexadecane, 2,6,10,14-tetramethyl- 57 44.750 44.815 1.54
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1-Heptadecene 83 45.720 45.785 1.63
Heptadecane 57 45.785 45.845 2.14
1-Nonadecene 83 46.770 46.830 1.66
Heptadecane 57 46.830 46.890 2.30
n-Hexadecanoic acid 73 47.595 47.670 1.19
1-Nonadecene 83 47.770 47.830 2.09
Heneicosane 57 47.830 47.885 2.91
n-Nonadecanol-1 83 48.725 48.785 2.09
Heneicosane 57 48.785 48.835 2.94
1-Nonadecene 83 49.645 49.695 2.07
Heneicosane 57 49.695 49.745 3.06
n-Nonadecanol-1 83 50.520 50.570 1.94
Heneicosane 57 50.570 50.620 2.97
Behenic alcohol 83 51.360 51.410 1.95
Heneicosane 57 51.410 51.455 2.90
2-tert-Butyl-1 -phenylnaphthalene 245 51.740 51.805 1.02
1-Nonadecene 97 52.165 52.210 1.77
Heneicosane 57 52.210 52.260 3.50
Heneicosane 57 52.945 53.035 4.72
Heneicosane 57 53.695 53.815 5.02
T etratetracontane 57 54.420 54.525 3.63
T etratetracontane 57 55.170 55.290 3.71
T etratetracontane 57 55.990 56.100 2.66
T etratetracontane 57 56.990 57.075 1.26
Table A.5-21. GC-MS TIC for VC:CBS 50:50 pyrolyzed in He from 110 to 900 °C at 100
°C/min.
Compound Name
m/z StartRT EndRT Area%
Phenol, 2-methyl- 108 36.140 36.255 1.78
1-Undecene 41 36.255 36.335 1.47
Undecane 57 36.395 36.460 0.97
1-Dodecene 41 37.960 38.025 1.13
Dodecane 57 38.080 38.170 1.87
1-Tridecene 41 39.490 39.540 1.03
Tetradecane 57 39.595 39.655 1.41
1-Tetradecene 41 40.885 40.945 1.34
Tetradecane 57 40.945 41.040 1.65
1-Pentadecene 43 42.195 42.255 1.40
Tetradecane 57 42.275 42.345 2.89
1-Heptadecene 83 43.420 43.500 1.92
Tetradecane 57 43.500 43.565 1.88
1-Pentadecene 69 44.485 44.590 0.95
1-Heptadecene 83 44.590 44.650 1.40
Heptadecane 57 44.650 44.720 3.27
Pentadecane, 2,6,10,14-tetramethyl- 57 44.720 44.780 1.12
Heptadecane 57 45.755 45.815 1.37
1-Nonadecene 83 46.740 46.800 1.12
Heneicosane 57 46.800 46.860 1.49
211
Table A.5-21. (Continued).
Theobromine 180 47.525 47.615 1.55
n-Hexadecanoic acid 73 47.615 47.750 14.41
1-Nonadecene 83 47.750 47.795 2.88
Heneicosane 57 47.795 47.860 2.54
Octadecanoic acid, 2-propenyl ester 41 48.570 48.640 1.67
1-Nonadecene 83 48.665 48.750 1.35
Heneicosane 57 48.750 48.805 1.74
Oleic Acid 55 49.320 49.500 6.93
Octadecanoic acid 73 49.500 *49.625 8.51
1-Nonadecene 97 49.625 49.665 2.24
Heneicosane 57 49.665 49.720 2.11
[l,l'-Bicyclohexyl]-4-carboxylic acid, 4'-pentyl-, 4-fluorophenyl 
ester 41 50.175 50.230 1.41
1,2-Oxathiane, 6-dodecyl-, 2,2-dioxide 41 50.230 50.300 0.96
Octadecanoic acid, 2-propenyl ester 41 50.375 50.455 2.65
Behenic alcohol 83 50.465 50.540 1.42
Heneicosane 57 50.540 50.590 1.90
Behenic alcohol 83 51.335 51.375 1.12
Heneicosane 57 51.375 51.425 1.74
1-Heptacosanol 97 52.140 52.180 0.97
Heneicosane 57 52.180 52.225 1.65
Heneicosane 57 52.955 53.005 1.52
Heneicosane 57 53.665 53.750 2.42
T etratetracontane 57 54.390 54.485 2.02
T etratetracontane 57 55.145 55.225 1.73
Octadecane, 1-chloro- 57 55.985 56.065 1.10
Table A.5-22. GC-MS TIC for VC:CBS 80:20 pyrolyzed in He from 110 to 900 °C at 100 
°C/min.
Compound Name m/z StartRT EndRT Area %
1-Decene 41 34.215 34.305 0.94
Phenol, 2-methyl- 108 36.120 36.255 2.37
1-Undecene 41 36.255 36.345 2.14
Undecane 57 36.345 36.470 1.72
1-Dodecene 43 37.965 38.035 1.46
Dodecane 57 38.080 38.195 3.17
1-Tridecene 41 39.490 39.545 1.42
Tetradecane 57 39.585 39.665 2.02
1-Tetradecene 43 40.890 40.950 1.58
Tetradecane 57 40.950 41.045 1.76
Naphthalene, 1,3-dimethyl- 141 41.590 41.745 1.05
1-Pentadecene 43 42.195 42.265 1.71
Tetradecane 57 42.280 42.350 2.50
1-Heptadecene 83 43.425 43.505 2.34
Tetradecane 57 43.505 43.570 2.15
1-Heptadecene 83 44.590 44.655 1.59




1 -Heptadecene 83 45.695 45.760 1.39
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Table A.5-22. (Continued).
Heptadecane 57 45.760 45.820 1.90
1-Nonadecene 83 46.740 46.805 1.59
Nonadecane 57 46.805 46.865 2.05
n-Hexadecanoic acid 73 47.610 47.745 6.16
1-Nonadecene 83 47.745 47.800 1.95
Heneicosane 57 47.800 47.860 2.36
1-Nonadecene 83 48.645 48.755 2.07
Heneicosane 57 48.755 48.810 2.77
6-Octadecenoic acid, (Z)- 55 49.330 49.510 1.39
Octadecanoic acid 73 49.510 49.620 3.83
1-Nonadecene 83 49.620 49.670 2.25
Heneicosane 57 49.670 49.720 2.62
Octadecanoic acid, 2-propenyl 
ester
41 50.380 50.450 1.14
1-Nonadecene 97 50.495 50.545 1.90
Heneicosane 57 50.545 50.595 2.84
Behenic alcohol 83 51.335 51.380 1.64
Heneicosane 57 51.380 51.430 2.76
2-tert-Butyl-1 -phenylnaphthalene 245 51.770 51.845 1.03
Behenic alcohol 97 52.140 52.185 1.53
Heneicosane 57 52.185 52.235 3.00
Heneicosane 57 52.915 53.010 4.15
Heneicosane 57 53.665 53.755 4.17
T etratetracontane 57 54.390 54.505 3.32
T etratetracontane 57 55.140 55.260 3.14
Octadecane, 1-chloro- 57 55.980 56.075 1.93
T etratetracontane 57 56.955 57.035 1.05
Table A.5-23. GC-MS TIC for VC:CBS 90:10 pyrolyzed in He from 110 to 900 °C at 100
°C/min.
Compound Name m/z StartRT EndRT A rea %
1-Decene 41 34.230 34.315 0.80
Phenol, 2-methyl- 108 36.125 36.260 2.54
1-Undecene 41 36.260 36.345 2.31
Undecane 57 36.345 36.470 1.92
1-Dodecene 43 37.965 38.035 1.59
Dodecane 57 38.085 38.190 2.65
1-Tridecene 41 39.490 39.545 1.56
Tetradecane 57 39.585 39.665 2.22
1-Tetradecene 41 40.890 40.950 1.65
Tetradecane 57 40.950 41.050 1.90
Naphthalene, 2,6-dimethyl- 156 41.655 41.800 0.84
Dodecane, 4,6-dimethyl- 71 41.800 41.870 0.60
1 -Pentadecene 41 42.195 42.270 1.81
Tetradecane 57 42.280 42.350 2.45
1-Heptadecene 83 43.425 43.505 2.41
Tetradecane 57 43.505 43.575 2.29
1-Heptadecene 83 44.590 44.655 1.67
































57 44.720 44.795 1.82
83 45.695 45.755 1.52
57 45.760 45.825 2.15
83 46.745 46.805 1.74
57 46.805 46.865 2.29
73 47.615 47.710 1.95
83 47.710 47.800 2.05
57 47.800 47.860 2.75
83 48.635 48.755 2.30
57 48.755 48.810 3.17
73 49.510 49.570 0.63
83 49.570 49.670 2.44
57 49.670 49.720 3.08
43 50.380 50.450 0.65
83 50.450 50.545 2.47
57 50.545 50.590 3.25
83 51.335 51.380 1.81
57 51.380 51.430 3.12
245 51.770 51.845 1.23
97 52.140 52.185 1.78
57 52.185 52.235 3.49
57 52.915 53.045 4.95
57 53.665 53.790 4.89
57 54.390 54.505 3.72
57 55.145 55.270 3.49
57 55.985 56.075 2.16
57 56.945 57.040 1.38
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